Methane biofiltration with or without trace gas compounds on an inorganic filter bed by Ménard, Camille
UNIVERSITÉ DE SHERBROOKE 
Faculté de génie 
Département de Génie Chimique et Génie Biotechnologique
BIOFILTRATION DU MÉTHANE AVEC OU SANS 
COMPOSÉS TRACES SUR UN MILIEU FILTRANT 
INORGANIQUE
METHANE BIOFILTRATION WITH OR WITHOUT TRACE GAS COMPOUNDS ON AN
INORGANIC FILTER BED
Thèse de doctorat 
Spécialité : Génie Chimique
Camille MÉNARD
Jury : Michèle HEITZ (directrice)
Josiane NIKIEMA (co-directrice)
Antonio AVALOS RAMIREZ 
Ryszard BZREZINSKI 
Peter JONES
Eric DUMONT -  École des Mines de Nantes
Sherbrooke (Québec) Canada Juin 2013
1+1 Library and Archives CanadaPublished Heritage Branch Bibliothèque et Archives CanadaDirection du Patrimoine de l'édition
395 Wellington Street 
Ottawa ON K1A0N4 
Canada
395, rue Wellington 
Ottawa ON K1A 0N4 
Canada
Your file Votre référence 
ISBN: 978-0-499-00416-1
Our file Notre référence 
ISBN: 978-0-499-00416-1
NOTICE:
The author has granted a non­
exclusive license allowing Library and 
Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distrbute and sell theses 
worldwide, for commercial or non­
commercial purposes, in microform, 
paper, electronic and/or any other 
formats.
AVIS:
L'auteur a accordé une licence non exclusive 
permettant à la Bibliothèque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par télécommunication ou par l'Internet, prêter, 
distribuer et vendre des thèses partout dans le 
monde, à des fins commerciales ou autres, sur 
support microforme, papier, électronique et/ou 
autres formats.
The author retains copyright 
ownership and moral rights in this 
thesis. Neither the thesis nor 
substantial extracts from it may be 
printed or otherwise reproduced 
without the author's permission.
L'auteur conserve la propriété du droit d'auteur 
et des droits moraux qui protege cette thèse. Ni 
la thèse ni des extraits substantiels de celle-ci 
ne doivent être imprimés ou autrement 
reproduits sans son autorisation.
In compliance with the Canadian 
Privacy Act some supporting forms 
may have been removed from this 
thesis.
While these forms may be included 
in the document page count, their 
removal does not represent any loss 
of content from the thesis.
Conformément à la loi canadienne sur la 
protection de la vie privée, quelques 
formulaires secondaires ont été enlevés de 
cette thèse.
Bien que ces formulaires aient inclus dans 
la pagination, il n'y aura aucun contenu 
manquant.
Canada
La vie, c ’est comme une bicyclette, il faut avancer pour ne pas perdre l 'équilibre.
Albert EINSTEIN
RESUME
L’émission de méthane par les activités anthropiques est un problème majeur en relation 
caractérisé par le changement climatique. Les sites d’enfouissement sanitaire sont 
responsables de près d’un quart des émissions de méthane au Canada, deuxième gaz à effet de 
serre après le dioxyde de carbone. Les solutions de récupération du biogaz, issu de la 
décomposition des déchets déposés dans des sites d’enfouissement, majoritairement composé 
de méthane et de dioxyde de carbone, existent. La valorisation énergétique par combustion, le 
brûlage par torchère, se développent dans plusieurs sites. Cependant, les critères de faisabilité 
technique et de rentabilité économique de ces procédés ne permettent pas de couvrir 
l’ensemble des sources et des types d’émissions de biogaz. Dans cette configuration de non 
respect de ces critères, la biofiltration est un procédé d’élimination du biogaz attractif en 
particulier pour les sites d’enfouissement de petites tailles et ceux «âgés», ainsi qu’en 
complément des solutions de valorisation énergétique.
Les paramètres essentiels de la biofiltration du méthane sont expliqués dans une revue de 
littérature. De plus, une présentation de la composition complexe du biogaz est réalisée dans 
cette revue de littérature, permettant l’introduction d’un nouveau paramètre à prendre en 
considération lors de l’élimination du méthane : la présence de composés à l’état de traces. 
Ainsi, après l’étude approfondie de trois paramètres sur la biofiltration du méthane, la 
température, la quantité de solution nutritive et la concentration de dioxyde de carbone, l’étude 
s’est portée sur l’analyse de deux mélanges binaires avec l’introduction soit d’un composé 
aromatique, (mélange méthane/toluène), soit d’un composé aromatique halogéné, (mélange 
méthane/chlorobenzène). Les effets de la charge d’entrée du méthane et de la variation de la 
concentration des composés traces ont été étudiés. Enfin, la recherche s’est finalement 
concentrée sur l’influence du toluène sur l’élimination du méthane en effectuant des 
expériences micro-cinétique et macro-cinétique sur ce mélange spécifique. La présence de ces 
deux composés traces s’avère .avoir un impact négatif sur l’élimination du méthane, en 
particulier aux charges d’entrée de méthane testées les plus élevées.
Mots-clés : Biofiltration, méthane, toluène, chlorobenzène, sites d’enfouissement sanitaire, 
cinétique
ABSTRACT
Anthropic methane emissions are of major concern since it contributes to climate change. 
Landfills are responsible for about one quarter of methane emissions in Canada, second most 
important greenhouse gas after carbon dioxide.
Energetic valorization is an adapted solution to capture the biogas, produced from the 
decomposition of organic matter buried in sanitary landfills, and to convert this mixture of 
methane and carbon dioxide into heat and electricity. Many sites develop the valorization by 
combustion or by flaring. However, biogas emissions are not entirely treated, as some 
technical and economical criterion may be encountered. Biofiltration will be more appropriate 
for old and small landfills, and will be an efficient complementary treatment to the energetic 
valorization.
The most important parameters of biofiltration had been reviewed. Moreover, the complexity 
of the biogas mixture is presented, which underline a new parameter to take into account in 
methane elimination: the presence of trace gas compounds. First, three important parameters, 
the temperature, the amount of nutrient solution and the concentration of carbon dioxide, were 
studied to be optimized in the configuration of biofiltration of methane alone. Then, two 
binary mixtures were analyzed, with the introduction of either an aromatic compound for the 
mixture methane/toluene, or a halogenated aromatic compound for the mixture of 
methane/chlorobenzene. The effect of the inlet load of methane was studied, in addition to the 
concentration of trace gas compounds. Finally, the study focused on the influence of toluene 
on methane biofiltration in regards to the micro-kinetic or macrokinetic parameters. Both 
toluene and chlorobenzene, the two trace gas compounds evaluated, had a negative impact on 
methane biofiltration at high inlet loads of methane, while negligible effects were observed at 
lower methane inlet load.
Keywords : Biofiltration, methane, toluene, chlorobenzene, landfills, kinetic
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CHAPITRE 1. INTRODUCTION
Le méthane (CH4) est le deuxième gaz à effet de serre (GES) après le dioxyde de carbone 
(CO2). Son pouvoir de réchauffement global est 25 fois supérieur à celui du CO2 sur une 
période de temps de 100 ans. L’origine du CH4 dans l’atmosphère résulte à la fois de 
phénomènes naturels pour 40% et de phénomènes anthropiques pour 60%. Parmi ces derniers, 
au Canada en 2008, le secteur de l’énergie était responsable à 51% des émissions tandis que 
l’agriculture et les sites d’enfouissement sanitaire (SES) participaient à hauteur de 24 et 20 % 
respectivement, l’occupation du sol représentait 4% des émissions. Selon un groupe de travail 
de l’Intergovemmental Panel of Climate Change (IPCC), les émissions de CH4 des SES 
atteignaient 18% dans le monde en 2004. Dans le bilan des GES émis par le Canada en 2008, 
les SES participent à hauteur de 3%.
Les SES sont des lieux conçus pour entreposer les déchets non dangereux résultant des 
différentes activités anthropiques (industrielles, domestiques, etc.). La présence de déchets 
organiques dans les SES est responsable des émissions de CH4 et de CO2 qui constituent le 
biogaz dans des concentrations de l’ordre de 40-60% (v/v). D’autres composés sont présents 
dans des proportions moindres comme les composés soufrés, chlorés, différents composés 
organiques volatils et l’eau. La dangerosité du biogaz, tant par l’effet explosif du CH4  à des 
concentrations de 5 à 15% v/v dans l’air, que son effet sur le changement climatique ou de la 
présence de composés cancérigènes ou toxiques, montre l’importance de maîtriser les 
émissions des SES.
La valorisation énergétique du biogaz a permis de mettre en avant le potentiel du biogaz 
comme moyen de production d’électricité et/ou de chaleur pour les besoins des SES et du 
voisinage proche et réduire les émissions dans un même temps. Cependant, cette solution 
technologique n’est applicable que pour certaines conditions de concentrations de CH4 et de 
débits de gaz. Ainsi, seuls les SES de grandes tailles, recevant un minimum de 200 000 tonnes 
de déchets et relativement récents (moins de 2 0  ans, ou autrement dit encore ouverts) 
respectent ces conditions de faisabilité technique et de rentabilité économique. Les SES de 
petites tailles ainsi que les plus anciens ne rentrent pas dans ces critères. Par conséquent, des 
moyens alternatifs doivent être mis en place pour éliminer les émissions toujours présentes.
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Les torchères, dans lesquelles le biogaz est simplement brûlé, exigent également des 
concentrations de CH4 et de débit de gaz minimum. La biofiltration est un traitement 
d’élimination qui a déjà fait ses preuves pour les composés odorants et quelques composés 
organiques volatils.
La biofiltration repose sur le principe que certaines bactéries sont capables de dégrader le CH4 
en générant des produits d’oxydation comme le CO2 , l’eau (H20), des sels minéraux et de la 
biomasse, moins dangereux que le ou les produit(s) de départ. Les études menées depuis le 
début des années 1990 ont permis de développer cette biotechnologie sous de nombreux 
aspects tant dans les connaissances sur les microorganismes que sur les procédés de mise en 
œuvre. Ainsi des couvertures de recouvrement aux biofiltres fermés, les capacités d’oxydation 
du CH4 ont été étudiées sous plusieurs aspects. Les paramètres tels que la température, le taux 
d’humidité, la concentration en azote et autres nutriments, les besoins en oxygène et la 
formation des substances exopolymériques, la charge d’entrée et le débit de résidence du gaz 
sont relativement bien documentés. De la même façon, les connaissances sur la nature et les 
propriétés du matériau filtrant sont essentielles à l’optimisation du bioprocédés. D’autant plus 
que le matériau retenu influe de façon significative sur le coût du procédé. Cependant, la 
plupart des études sont centrées sur l’élimination du CH4 seul sans interaction avec d’autres 
composés.
La présence de plus de 200 composés organiques non méthaniques (CONMs) différents dans 
le biogaz, observés dans plusieurs campagnes d’échantillonnages effectuées sur des SES, 
soulève l’interrogation sur les interactions probables entre le CH4 et ces CONMs. En effet, les 
bactéries dégradant le CH4 possèdent des propriétés de cométabolisme pouvant par conséquent 
dégrader d’autres sortes de composés. Par ailleurs, d’autres composés peuvent se révéler 
comme des inhibiteurs perturbant ainsi l’oxydation du CH4. C’est dans cette direction que la 
recherche de ce présent mémoire a été orientée : en ciblant un composé majoritaire, 
fréquemment reporté dans les analyses de biogaz comme le toluène et un composé de nature 
chloré, présent à de plus faibles concentrations, le chlorobenzène. L’élimination de ces deux 
composés par biofiltration a également été l’objet de recherche, plus fréquente pour le toluène 
ce qui s’explique par sa plus grande biodégradabilité.
3Les objectifs du présent mémoire sont : 1) approfondir les connaissances sur la biofiltration du 
CH4  seul sur un lit filtrant inorganique en optimisant la température de fonctionnement du 
biofiltre, la quantité de solution nutritive hebdomadaire et en vérifiant l’influence de la 
concentration de CO2 sur l’élimination du CH4 et 2) observer et quantifier l’influence de, 
l’introduction de deux composés traces, le toluène et le chlorobenzène, sur les performances 
d’élimination du CH4.
Dans la première partie du présent mémoire, la problématique des SES, du biogaz et de la 
biofiltration est présentée à l’aide de la revue de littérature soumise au journal Environmental 
Reviews, publiée le 20 février 2012. Dans les trois chapitres suivants, les trois articles, les 
deux premiers publiés et le dernier soumis, permettent de faire la synthèse des expériences 
menées et des résultats obtenus au laboratoire. Dans le premier article figure l’optimisation de 
la température, de la quantité de la solution nutritive et de la concentration de CO2 sur 
l’élimination du CH4 seul. Le deuxième article porte sur les premières observations faites de la 
biofiltration de deux mélanges binaires : CIVtoluène et CIVchlorobenzène, pour deux 
concentrations de CHL» différentes et une variation des concentrations des composés traces. 
Finalement, le troisième article traite des expériences microcinétiques et macrocinétiques 
effectuées sur le mélange binaire CItytoluène pour déterminer et quantifier le type 
d’interaction observée. En préalable de cet article, une revue de littérature sur la modélisation 
et la cinétique est présentée.
Parmi l’ensemble des expériences réalisées, seuls certains résultats figurent dans les articles 
pour des questions de synthèse. Toutefois, des données intéressantes méritent d’être reportées 
dans ce manuscrit. Il s’agit dans un premier temps des expériences préliminaires concernant 
l’analyse de la biomasse, en particuliers les exopolysaccharides (EPS), formée dans les 
biofiltres. Ces résultats sont présentés dans l’annexe A. L’annexe B présente, quant à elle, le 
suivi de la production de biomasse, réalisé par pesée des biofiltres, lors des expériences faites 
pour l’article sur les mélanges binaires. Ces résultats apportent des éléments importants sur le 
fonctionnement des biofiltres.
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Résumé :
Une revue de littérature traitant de la génération du biogaz, de sa composition ainsi que son 
élimination dans les sites d’enfouissement sanitaire est effectuée. Le biogaz est 
essentiellement composé de méthane, cependant quelques centaines d’autres composés 
organiques volatiles ont été reportés. Afin de réduire ses effets néfastes sur l’environnement 
ou la santé humaine, différentes solutions existent comme la valorisation en tant que source 
d’énergie sous forme d’électricité ou en chaleur, l’élimination par torchères ou par 
biofiltration. Les principaux paramètres de la biofiltration du méthane sont revus : 
température, taux d’humidité, propriétés du lit filtrant, l’apport de nutiments, les besoins en 
oxygène, la formation des exopolysaccharides ainsi que le temps de résidence. Une analyse 
des propriétés cométaboliques et des interactions d’inhibition des bactéries dégradant le 
méthane, (les méthanotrophes), a été réalisée.
BIOFILTRATION OF METHANE AND TRACE GASES FROM 
LANDFILLS: A REVIEW
2.1 Abstract
Concerns about biogas from landfills are reviewed in terms of biogas generation, composition 
and elimination. Biogas is mainly composed of methane and carbon dioxide but it contains 
also a few hundred non-methane organic compounds. The solutions available to reduce its 
harmful effects on the environment and on human health are valorization as electricity or heat, 
flaring or biofiltration. The main parameters affecting the biofiltration of methane are 
reviewed: temperature, moisture content, properties of the packing material, nutrient supply, 
oxygen requirements, formation of exopolysaccharides and gas residence time. An analysis is 
performed on the cometabolic properties and the inhibition interactions of the methane- 
degrading bacteria, methanotrophs.
Keywords: Biofiltration -  Methane -  Trace Gas -  Landfill emissions
2.2 Introduction
Methane (CH4) is considered as the second most important greenhouse gas (GHG) after 
carbon dioxide (CO2) due to its global warming potential (GWP) which is 25 times higher 
than the GWP for CO2 based on a 100-year time horizon [172]. Methane emissions into the 
atmosphere are both natural and anthropogenic phenomena with a distribution of 40% and 
60% respectively. Among the natural sources, wetlands are mainly responsible for CH4 
emissions followed by termites, oceans, and plant degradation [194]. Among the 
anthropogenic sources, CH4 originates from the energy sector, landfills, coal mining, and 
agriculture. In Canada, landfills were responsible for less than 3% of the total GHG emissions, 
but contributed to 22% of the anthropogenic CH4 production in 2008 [64].
The biogas produced from sanitary landfills consists mainly of CH4 and CO2 , but water (H2O), 
hydrogen sulfide (H2S), hydrogen (H2), and various non-methane organic compounds 
(NMOCs) are also found. More than 200 NMOCs were identified in biogas from different 
landfills up to a total concentration of 1% v/v. More specifically, alkanes, alkenes, aromatics,
7
8 CHAPITRE 2
chlorinated aliphatic hydrocarbons, monoterpenes, alcohols, ketons, and siloxanes are found in 
biogas [5, 38,45,159].
The high calorific value of the biogas produced during landfill exploitation makes valorization 
into energy possible, by producing either heat or electricity. The alternatives for biogas 
treatment when the CH4 concentration is not sufficient (under 30-40% v/v), such as old and 
small landfills, are either to flare the gas or to oxidize it biologically through biocovers or 
biofilters. Biofiltration has been studied both for controlling emissions of volatile organic 
compounds (VOCs) or volatile inorganic compounds (VICs) [54] and CH4  [138]. The C1L- 
degrading bacteria, methanotrophs, have also been shown to degrade others pollutants by co­
metabolism [80, 136]. Moreover, it is assumed that methanotrophs can be inhibited by 
xenobiotic compounds such as acetylene, trichloroethylene, or vinyl chloride [39,124,163].
2.3 Biogas
2.3.1 Landfills
A landfill is a place where solid wastes are stored. In practice, it is designed in several units 
that are continuously filled with wastes and regularly covered up with soil. When the units are 
full, a final biocover is spread over the surface to prevent the release of biogas and odors and 
to promote the revegetalization of the site. In 2008, 34 million tons of waste were produced in 
Canada. Among them, 75% were either stored in landfills or incinerated; the remaining 25% 
were recycled [181]. Landfills received both residential and non-residential wastes; the non- 
residential wastes consist of industrial, construction and demolition wastes. Both organic and 
inorganic wastes are mixed in landfills: paper, cardboard, food and garden waste, glass, metal, 
plastic, etc.
2.3.2 Biogas generation in landfills
Biogas production is a function of the quantity and the composition of the solid wastes 
deposited in landfills [132], In addition, the production can be influenced by environmental 
factors such as weather [38]. Biogas generation results from the anaerobic decomposition of 
the biodegradable fraction of buried wastes [28, 6 6 ]. Farquhar et Rovers [6 6 ] divided the 
process into four main steps: (1) aerobic, (2) facultative anaerobic, non-methanogenic, (3) 
anaerobic, methanogenic, non-steady rate and (4) anaerobic, methanogenic, steady rate. These
9can then be classified into two categories: the non-methanogenic stages and the methanogenic 
stages. The presence of oxygen (O2) in the first step allows to oxidize the natural organic 
compounds aerobically. Then, the decrease of O2 is observed, which is replaced by CO2 . Step 
two consists of an initial stage of hydrolytic processes using enzymes where complex organic 
substances are reduced to smaller soluble compounds, followed by an acid fermentation stage. 
Once sugars and organic acids are formed, production of simpler organic acids like acetic acid 
(CH3COOH), water (H20), carbon dioxide (C02), ammonia (NH3) and hydrogen gas (H2) are 
enhanced by microbial activity. Finally, CH4  is produced in the methanogenic stage (step 3 
and 4), by methanogenic bacteria that break down the acids to CH4 and CO2 or by reducing 
CO2 with H2 [191]. The reactions of the methanogenic phase are shown as follow:
Biogas emissions from landfills can be estimated from models based on information on the 
volume, the age and the composition of wastes. Scharff et Jacobs [158] compared the 
predicted CH4 emissions from landfills with six models. The first-order gas generation 
equations are the most common type of model. For example, the Canadian government uses 
the Scholl Canyon model (a first-order model) to estimate the CH4 production from landfill 
sites [63].
From theoretical and experimental studies, it has been shown that the complete anaerobic 
degradation of organic wastes generates about 200 Nm3 of CH» per dry ton of biomass [191]. 
Most of the emissions occur during the first 16 years of the landfill’s operation [20, 108, 132]. 
However, emissions of CH4 can still be found after more than 100 years [20]. Globally, the 
concentration of the main components of biogas, CH4, and CO2, are between 50%-60% v/v 
and 40%-50% v/v respectively [132,164].
2.3.3 Biogas composition -  Trace compounds
The analysis of landfill emissions shows that more than 200 NMOCs can be present in 
totalizing up to 1% of the biogas volume [159]. These NMOCs can result from intermediate 
biochemical reactions associated with degradation processes or from the degradation and 
volatilization of other organic wastes in landfills [31, 38]. These trace compounds include, 
from pg.m' 3 to mg.m' 3 levels, alkanes, aromatics, chlorinated aliphatic hydrocarbons, alcohols,
CH,COOH->CH,+C02 (2 .1)
C02 + 4H2 CH, +2H20 (2 .2)
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ketones, terpenes, chlorofluorocarbons, and siloxanes [38, 159, 177]. The concentration of 
trace compounds is shown in Table 2.1 when the biogas was sampled from pipes and (or) 
wells [5, 166,189] and from ambient air above the landfills [38,45, 57, 159, 213]. The second 
category presents lower values in terms of concentration due to the dilution of the gas in 
ambient air. Among this category, the order of magnitude is also contrasted and is relative to 
the area sampled in the landfill. For example, Chiriac et al., [38] measured the concentration 
of biogas compounds very close to the source (open cells), while other authors measured 
above the unit with a biocover [159], On the other hand, Zou et al., [213] monitored the 
ambient air of a landfill in China while Davoli et al., [45] and Dincer et al., [57] focused on 
the odorous compounds in the biogas.
Many authors agree that the presence of alcohols represents fresh refuse as they are produced 
from the fermentation of putrefiable materials, such as fruit and vegetables, during the first 
stages of anaerobic digestion [5, 45, 149, 180, 213]. Alcohol concentrations tend to decrease 
with time which leads to the formation of aldehydes and ketones [45].
Most studies reported the presence of alkanes with ranges from 2 to 1543 mg.m"3 for gas 
extraction systems and from 7.10^ to 835 pg.m' 3 for air ambient sampling. The presence of 
aromatic compounds like benzene, ethyl benzene, toluene, and xylene is also reported in these 
studies. The origin of toluene and xylene can be explained by their use as solvents in paints, 
paint thinners, nail varnishes, etc., while ethyl benzene is used in pesticides, varnishes, 
adhesives and paints [170]. The presence of benzene and some of its alkyl-substituted 
compounds is a result of the waste degradation processes; therefore, their concentration is a 
function of both the decomposition of the waste and the stage reached in the decomposition 
process [213]. As the majority of the alkanes and the aromatic compounds are produced 
during the waste decomposition process, their predominance in landfill biogas is an indicator 
of older refuse [5, 45, 213]. Toluene, with concentrations ranging from 7-211 mg.m' 3 in gas 
extraction systems [166, 189] and 7.10'3-2471 pg.m ' 3 in air ambient, is one of the predominant 
aromatic VOCs present in landfill biogas [38, 100].
Both the composition and the concentrations of chlorinated compounds vary according to the 
sampled biogas. The concentrations reported are generally lower than those of aromatic 
compounds, around 4 mg.m"3 for gas extraction systems [189] and from 0.5 to 17 pg.m' 3 for 
ambient air [45, 57, 213]. The presence of chlorinated organic compounds might be relative to
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the use of solvents such as cleaners and disinfectants from urban and industrial sources [57]. 
Other potential sources are aerosols, paint removers, dyeing solvents, foam blowing agents, 
paint, and varnished refrigerators [38], The presence of chlorinated compounds is of particular 
interest because of their toxicity and their harmful effect on the environment [159, 213].
The (hydro)chlorofuorocarbons ((H)CFCs) represent a major part of the total chlorinated 
compounds, but are not always reported. Allen et a i, [5] have proven that these compounds 
accounted for up to 95% of the total chlorine in biogas from seven landfills. Scheutz et 
Kjeldsen [162] also studied these compounds as they contribute to the depletion of the ozone 
layer and climate change [198], The concentrations reported for two biogas cells ranged from 
8.1.10' 7 for chlorobromodifluoromethane to 5.8.10' 2 pg.m"3 for 1,1-dichloro-l-fluoroethane. 
Many studies have reported the presence of terpenes with limonene and a-pinene as the main 
compounds [5, 38, 45, 166, 189, 213]. Terpenes result mainly from the volatilization of 
compounds from both garden and vegetable wastes, but also from fragrant household 
detergents and air fresheners [5], According to Davoli et al., [45] the presence of limonene is 
characteristic of fresh wastes as it contributed up to 40% of the emissions from a new landfill 
while it accounted only for 0.4 % and 0.01% for old landfills and biogas respectively.
Siloxanes have been detected in biogas due to the widespread use of silicoorganic compounds 
like silicones, hair and skin care products, tooth paste, silicon oil, and production of food [153, 
166, 189]. The range of concentration reported is from 0.5 to 4.5 mg.m' 3 [153, 189]. The main 
issue about siloxanes is the formation of silicates and microcrystalline silicon dioxide after 
combustion, which causes the abrasion of the combustion chamber and the formation of 
deposits. This is of particular interest in the case of energy production from biogas.
In the same way, the presence of organochloride and organosulphur compounds in biogas 
results in the corrosion of combustion engines [153]. On the other hand, reduced sulfur 
compounds are the malodorous components of biogas, and are mainly represented by H2S 
[101]. Using field experimentation for different Asian landfills, Takuwa et a i, [189] measured 
H2S concentrations from 62 to 290 ppmv, while Kim et al., [101] reported concentrations from 
336 ppbv for a closed landfill to 2340 ppmv for open landfills.
Finally, mercury compounds have also been observed as trace components in landfill gas [6 8 , 
115, 189]. Its origin in landfill emissions is linked to the presence of fluorescent lamps, 
batteries, electrical switches, thermometers, and general wastes [115]. According to the same
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authors, inorganic mercury could be transformed into more toxic methylated forms under 
anaerobic conditions. A few studies have pointed out the variability of mercury concentrations 
with values from 380-8600 ng.mf3 at sites in three different American states [114] and 28-40 
ng.m' 3 for one site in China [189]. However, there is an international concern about mercury 
pollution and its presence in landfills is likely to decrease. For example, in Canada, products 
with mercury are forbidden except fluorescent lamps that have a limit of 5 mgHg/unit and 
dental amalgams (0.2 gHg/amalgam)1.
1 Source Web Environnement Canada (2000). Guide supplémentaire de déclaration à l'Inventaire National des 
Rejets Polluannts (INRP) -  Autres seuils, Annexe 8: Page visitée le 26 /05 /2011
http://w w w .ec.gc.ca/lcpe-cepa/default.asp?lang=Fr& n=C 76EF462-l& offset=19& toc=show
Table 2.1 : Landfill biogas composition according to biogas sample campaigns
Gas extraction system sampling (mg.m-3) Air ambient sampling (pg.m'3)
Compounds Takuwa et al., 
[189]
Schweigkofler and 
Niesner ri661
Allen et al., 
[5]
Scheutz et al., 
[159]
Chiriac et al., 
[38]
Dincer et al., 
[57]
Davoli et al., 
[45]
Zou et al., 
[213]
Alkanes
C2-C12 1.6-242 0.6-27.9 302-1543 7.10‘4-1.6.10'2 37-835 5.5 1.1-5.1
Alkenes 0.1-36 i . io^-t s .io-3
Aromatics 36-1906
Benzene 3.7-34.3 1.9-2.9 S.IO^.IO"1 0.3-0.5 7.3-73
Ethylbenzene 7.8-151 21.6-35.5 1.4.10‘2-3.4.10‘2 662 0.5-2 1.2 1.8-24
Toluene 17.1-211 6.9-37.2 6.9.10"3-2.1.10'2 2471 4.7-19 3 12-113
Xylene 
(o, m, p) 1.9-215 40.3-74.1 1.6.10'2-5.4.10‘2 1256 0.6-4.3 2 2.5-42
Styrene 0.2-3.9 2.1-28
Chlorinated compounds 259-1239
Chlorobenzene 0.01-0.04 0.6-2.2
Dichloromethane 2.10‘4-4.10‘4 1.4-4.4 0.4 4.9-5.1
T etrachloroethylene N.D-4 6.10^-1.7.103 3684 0.5-2.4 0.5 6.1-16.8
T richloroethylene 0.1-3.9 1.10“*-2.10'4 983 0.8-13.1 8.5-9.3
HydrochloroOuorocarbons 8.1.10‘7-5.8.10'2
Terpenes 35-652
Limonene 7.1-259 7.5-52.9 1844 9.3-80
a-pinene ND-13.1 4.4-37 272 2.7 3.3-43
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2.4 Valorisation or Elimination
2.4.1 Valorization as energy
The calorific value of biogas, from 4.5 to 6 . 8  kWh.m‘3-STP (standard conditions for 
temperature and pressure)2, is equivalent to half that of natural gas. To valorize the biogas, 
some landfills use a system of gas wells and pipes to collect as much of the landfill gas as 
possible. The gas is then transported to a boiler for combustion [191]. This process is seen as 
economically and ecologically feasible as far as it generates energy from wastes.
The gas capture efficiency changes according to the landfill status, presenting 50%-70%, 55%- 
95% and 90%-99% for daily cover soil, intermediate cover soil and final cover soil, 
respectively [188]. The use of biogas is limited to a certain period of time as its calorific value 
decreases as the concentration of CH4  decreases [78]. According to Haubrichs et Widmann 
[78], biogas valorization in combined heat and power plants is only technically and 
economically suitable for a CH4 content superior to 30%-40% v/v and a total biogas 
production of about 30-50 m3-STP.h'‘.
2.4.2 Treatment processes 
Flaring
No resource valorization is possible with flaring, the main goal being to bum the biogas to 
limit its harmful effects on the environment. Flaring is used in cases where no energy 
valorization system is available or as a complement to the latter if excess biogas can not be 
valorized. According to Haubrichs et Widmann [78], a CH4  concentration of 20%-25% (v/v) 
and a flow rate of 10-15 m3-STP.h'' must be reached to make flaring economically feasible. 
Another constraint of this technology is the combustion temperature which must be equal or 
superior to 1200°C in order to prevent the formation of any toxic by-products such as dioxins.
2
Source Web, Association Technique Energie Environnement (ATEE): Page visitée le 4/4/2011
.h ttn ://w w w .b io aa /.a tec .in fo ^n cw s/fu lls lo rv .p h D /a id '2 5 /tab leau  de  la com p o sitio n  m oyenne d e  tro is so rtes de 
b io c a /  issues de  tro is fili°/oC 3% A 8res d e  p roduction  d if t% C 3 % A 9 ren les.h tm l
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Transformation into Methanol
A few studies have been conducted on the use of biogas for methanol production by gas 
synthesis [99, 207, 209]. However, no industrial application of these processes has been 
reported [165].
Biofiltration
Biofiltration is a promising bioprocess to attenuate CH» emissions from small and old 
landfills, but also from large and new landfills as a post-treatment to energy valorization or 
flaring, when concentrations and flow rates are no longer appropriate [164],
First used in odour treatment, biofiltration is now widely used as an efficient treatment process 
for the removal of gaseous pollutants from air. Methane biofiltration has been studied since 
the discovery of microorganisms responsible for the aerobic biodégradation of CH4  in landfill 
cover soils [89, 117, 202], Engineered systems developed for CH4 oxidation in landfills are 
either biocovers or biofilters. Biocovers are generally spread over an entire landfill area or a 
specific sector while biofilters are defined as packed bed reactors, filled with a packing 
material and provided with gas collection and drainage systems [164]. Some studies are 
related to the biofiltration of CH4 in the presence of trace gas compounds [33, 39,160-163]. 
Globally, biofiltration processes are governed by two major phenomena: (1) the transfer of 
pollutants from the gas to the liquid biofilm, and (2 ) the biological transformation of the 
pollutants into biomass and co-metabolic products such as CO2 and H2O [122]. However, 
biofiltration can not be summarized by these two processes as many interactions and 
mechanisms have to be taken into account since the treatment essentially occurs at the 
microbial level.
Operating conditions, such as the inlet load and the properties of the packing material, are 
crucial to better understand the way biofiltration works. It is also necessary to focus on 
parameters that influence the activity of the microbial community such as moisture content [3, 
133, 196], temperature [202, 212], 0 2 content [11, 19], nutrient availability [91], pollutant 
concentration and, finally, the ability of microorganisms to produce exopolymeric substance 
(EPS) [82,204],
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2.5 Theory of Methane Biofiltration
2 .S. 1 Microorganisms responsible for methane biodégradation and the Methane Mono- 
Oxygenase enzyme 
Methanotroph Genera
The main bacteria responsible for CH4 biodégradation are known as methanotrophs which are 
part of the physiological group of methylotrophs [77]. These bacteria are unique in their 
ability to degrade one-carbon compounds under aerobic conditions. They produce methane 
mono-oxygenases (MMO) enzymes, which catalyze the oxidation of CH4. The CH4 oxidation 
pathway is schematized in Figure 2.1. In the presence of O2, CH4 is oxidized into methanol 
(CH3OH) thanks to the MMO. Methanol is then transformed in formaldehyde (HCHO), the 
key intermediate compound in catabolism and anabolism [77]. The last step of CH4 
biodégradation into CO2 is the assimilation of HCHO either by the ribulose monophosphate 
(RuMP) or serine pathways, which is used to classify methanotrophs as type I or type II 
respectively. Other characteristics such as the phospholipid fatty acid signature or the 
intracytoplasmic membrane disposition are used to distinguish the two types of 
methanotrophs. A third category, previously called Type X, which has characteristics of both 
types, is now classified as a subset of type I methanotrophs [169],
Type I Methanotrophs 
RuMP pathway
CH4 -► CH3OH -► HCOOH -*• C 0 2
Serine pathway 
Type II Methanotrophs
Figure 2.1 : Synthetical schema of the pathway of CH4 oxidation
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To date, the type I methanotrophs that have been identified are Methylomonas, 
Methylomicrobium, Methylobacter, Methylocaldum, Methylosphaera, Methylothermus, 
Methylosarcina, and Methylohalobius [24, 29, 81, 98, 192, 197, 206]. Methylocystis, 
Methylosinus, and Methylocella, from type II, use the serine pathway for HCHO assimilation 
[49, 206]. Methylococcus has the particularity of using both pathways and is part of the third 
category [77].
Earlier studies found that areas with low O2 and high CH4 molar mixing ratios (1.57-1.63) are 
dominated by the type II methanotrophs. The opposite conditions, low CH4 and high O2 
mixing, ratios (1.79-1.97), increased the number of the type I bacteria in agar diffusion 
columns with counter gradients of O2 and CH4 [11], However, both type I and type II 
methanotrophs were active and both contribute to CH4 oxidation at high CHU concentrations 
(10000 ppmv) in another experiment, even if the type I dominated at a CH* concentration of 
1000 ppmv [79]. There is no clear line that defines the presence or absence of one community 
rather than another.
Methane Mono-Oxygenase Enzyme
The MMO enzyme can be expressed both in a soluble (sMMO) or a particulate (pMMO) form. 
The most interesting difference between those forms is their substrate specificity [201]. 
According to Hanson et Hanson [77], sMMO has broader substrate specificity than pMMO. 
Therefore, compounds such as alkanes (Cj to C5), alkenes (ethane or propene), ethers 
(dimethyl ester or diethyl ester), or aromatics (benzene, toluene or styrene) may be co­
oxidized by the sMMO [42]. Only methanotrophs from type II and from the third category are 
able to produce the sMMO. It must be noted that even though the pMMO has a narrower 
substrate range, it will oxidize alkanes up to C-5 [169],
Methanotrophs Identified in Landfill Biocovers and Biofilters
Both types of methanotrophs were detected in landfill cover soils with high CH* 
concentrations, up to 50%-60% v/v [132, 164]. Methylocaldum, Methylobacter,
Methylomonas, Methylomicrobium and Methylosarcina were identified among the type I 
bacteria [1, 25, 206]. The presence of type II Methylocystis and Methylosinus has also been 
reported [25, 97, 206].
In biofilters, the analysis of methanotrophs has shown the predominance of Methylocystis 
from type II in either a passively vented biofilter [71] or a biofilter continuously supplied with
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gas [138], Furthermore, the type II species Methylosinus was more abundant in a biofilter 
supplied with both CH4  and organic trace gases while methanotrophs from type I were not 
detected [71].
2.5.2 Presence of trace compounds: co-metabolism and inhibition
As reported by Wendlandt et al., [201] co-metabolism is defined by the transformation of a 
substrate that is not solely used for growth (cosubstrate) in the presence of a known growth 
substrate (carbon source). As halogenated compounds are difficult to oxidize by 
microorganisms, a lot of studies have attempted to explain the role of the methanotrophs, more 
particularly the MMO enzyme, in the co-oxidation of vinyl chloride (VC), trichloroethylene 
(TCE) and dichloroethylene (DCE) [17, 41, 136]. Because of the co-metabolism, the 
oxygenase system and the necessary cofactors are expressed by the cells which grow on CH4 
[201].
As the cofactors3 are not produced during the cosubstrate transformation, a competitive 
inhibition for the oxygenase enzyme appears between the growth substrate and the cosubstrate 
[201].
Methanotrophic cultures have been used for the degradation of chlorinated low-molecular- 
weight hydrocarbons such as TCE, VC, etc., in contaminated water [17, 136, 168]. Due to the 
high heterogeneity of biogas as previously shown, the co-metabolic properties of 
methanotrophic bacteria was also investigated in landfill biocover soils [33, 39, 160-163]. 
Table 2.2 summarizes a few studies on the co-oxidation of CH4 and various compounds found 
in landfill biogas. The following section will focus on both the co-metabolic and inhibition 
interactions between CH4 and the trace gases which may occur in biogas.
Chlorinated Compounds
Chlorinated compounds do not all have the same effect on CH4 biodégradation. Some 
compounds have been regularly studied in the presence of methanotrophs such as TCE and 
VC [4, 39, 41, 136, 160, 163]. TCE and VC had both a toxic effect on the sMMO at a 
concentration of 25 mg.L"1 for TCE [39] and 3 pg.L"1 for VC [136]. The toxic effects may be
3 A cofactor is a chemical substance which obligatory interacts in an enzymatic reaction to  a) carry the  
substrate, b) accept a product and c) contribute to the enzym e structure (www.chups.jussieu.fr)
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induced by the oxidized molecules and (or) by their transient degradation products. A study by 
Scheutz et al., [163] with 22 chlorinated compounds reported one of the lowest CH* oxidation 
rates (35 pg.&0if l-h-1) in the presence of VC in batch reactors.
As for DCM, it was shown that it caused a competitive inhibition of CH4  oxidation at low 
concentrations (0.04 mg.L'1) [39]. The effect of other compounds, such as tetrachloroethylene 
(PCE) or trichloroethane (TCA), on the oxidation of CH4 was also analyzed. For PCE, a toxic 
effect was observed on CH4 oxidation [39] while no significant effect was noticed for TCA
[4].
Concerning the HCFCs, Scheutz et Kjeldsen [162] revealed that the CH4  oxidation rate was 
decreased by 30% when the total HCFC concentration was increased from 0 to 1.6 mg.L'1. 
This decrease was caused by the combination of a competitive inhibition for the MMO 
enzyme and an accumulation of toxic intermediates [123]. According to the same authors, the 
inhibition of CH4  oxidation by HCFC-21 and HCFC-22 is irreversible. Among halogenated 
methanes, both methylfluoride (CH3F) and difluomethane (CH2F2) were found to be inhibitors 
of CH4  oxidation, but the inhibition was reversible [33, 123].
Aromatics
No significant effect on CH4 oxidation was detected due to the presence of aromatics such as 
benzene or toluene [160], The CH4 conversion was as high as 77%±6% in the presence of 
either toluene or benzene which corresponded to an elimination capacity of 184 g.m‘2 .d'1. 
However, in batch reactors, benzene was found to have a toxic effect on CH4 oxidation for 
concentrations above 15 ppmv [39].
Table 2 2 : Experiments of CH4 oxidation in the presence o f NMOCs
References CH4
concentrations
(v/v)
Compounds tested Observed effects 
(Inhibition concentration 
level in % v/v)
Sample origin
Chan et Parkin [33] 1-3% Acetylene (0-1% v/v) 
Ethylene (0-1% v/v) 
Ethane (0-1% v/v) 
Methylchloride (0-1% v/v) 
Methylfluoride (0-1% v/v)
Inhibition (0.001% v/v) 
Inhibition (0.1% v/v)
Methanogenesis
inhibition
Inhibition (0.1% v/v)
Top soil from landfill
Chiemchaisri etal., [39] 5% Dichloromethane (0-34 ppmv) 
Trichloroethylene (0-31 ppmv) 
Tetrachloroethylene (0-70 ppmv) 
Benzene (0-45 ppmv)
Competitive inhibition 
Competitive inhibition 
Toxicity 
Toxicity
Landfill soil biofilter
Scheutz etal., [162] 15% HCFC-21 (0-380 ppmv) 
HCFC-22 (0-463 ppmv)
Competitive inhibition 
and toxicity
Landfill cover soil
Scheutz etal., [160] 50% Tetrachloromethane (9 ppmv) 
Trichloromethane (10 ppmv) 
Dichloromethane (366 ppmv) 
Trichloroethylene (19 ppmv) 
Vinyl Chloride (121 ppmv) 
Benzene (273 ppmv)
Toluene (93 ppmv)
No visible effect
May have toxic effect 
May have toxic effect 
No visible effect
Landfill cover soil
Albanna et a l, [4] 1 0 % Trichloroethane (1 ppmv) 
Trichloroethylene (3 ppmv) 
Dichloromethane (14 ppmv) 
Mixture (18 ppmv)
Uncompetitive inhibition Compost biofilter
HCFC-21: dichlorofluoromethane; HCFC-22: chlorodifluoromethane
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Terpenes
As seen earlier, some compounds from the terpene family may be present in biogas. Few 
studies report inhibition effects from terpenes on CH4  biodégradation, although laboratory 
experiments are usually based on samples of forest soil and atmospheric CH4 emissions rather 
than on samples of landfill biocovers and biogas generation [9,124]. An experimental study of 
CH4  oxidation with the pure strain Methylosinus trichosporium OB3b was conducted in the 
presence of three monoterpenes (a-pinene, limonene and y-terpinene). A strong inhibition of 
CH4  oxidation (>80%) by these compounds was observed [10]. A comparative study between 
two forest soils was also carried out to evaluate the potential influence of the same 
monoterpenes on atmospheric CH4  oxidation. The forest soil with a monoterpene 
concentration of 63.9 pmol.gdry’ 1 had a CH4  oxidation rate 3 times lower than the soil with a 
low concentration of monoterpenes (<Detection Limit = 0.000015 pmol.gdry'1) [124]. There 
are still discussions about the molecular mechanism that leads to the inhibition and adaptation 
of a single methanotrophic species to monoterpenes [124]. One hypothesis is based on the 
competitive inhibition of the active site of the sMMO by P-pinene oxide and another product 
resulting from p-pinene oxidation thanks to the sMMO of Methylococcus capsulatus (Bath) 
[76].
Acetylene
Acetylene is a well known «suicide» substrate for the MMO enzyme due to its inactivation of 
the enzyme and its irreversible binding to the enzyme complex [123].
2.6 Main Parameters for Methane Biofiltration
2.6.1 Moisture content
The moisture content of the filter bed is an important parameter as microorganisms require 
moisture to carry out their normal metabolic activities. It was proven that CH4 oxidation 
decreases when the moisture content of the filter bed is less than 13% [2 2 ] and that it could be 
totally inhibited when the moisture content reaches 1.5% [196]. Reversely, the transfer of CH4 
and O2 , which are poorly soluble in water, can be limited due to a high moisture content and 
anaerobic zones can be formed [72, 97]. According to a few studies, the optimal moisture 
content for CH4 oxidation is 15%-20% w/w for a filter bed composed of sand, silt, and clay 
[196], 30% w/w for a soil composed of silt loam and clay [3], 10%-15% w/w for a landfill
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cover soil amended with earthworms [148] and between 25% to 50% for a compost filter bed 
[91].
2.6.2 Bed temperature
The bed temperature is linked to the moisture content as it may be responsible for drying the 
filter bed [196]. From laboratory studies, an optimal range of 25-36°C has been found by 
several authors [126, 148, 196]. Most of the methanotrophs are mesophilic and their optimal 
temperatures are from 20 to 30°C [91]. However, by controlling parameters such as the bed 
porosity, the moisture content, the amount of stabilized organic matter and the transfer of O2 , 
it is possible to maintain the microbial activity at temperatures under 10°C [72, 126]. From 
field experiments, Einola et al., [62] reported CH4 removal efficiencies varying from 0 to 22% 
for temperatures in the biofilter between 2-9°C while the removal increased to 96% with 
temperatures from 9 to 25°C. On the other hand, high temperatures, above 45°C, induce the 
dénaturation of enzymes, which decreases the performance of CH4  oxidation.
2.6.3 Packing material
To support microbial growth, the packing material must have a high specific surface area, an 
optimum moisture content (30-60% w/wdry) [155] and a high porosity to the gas (82-98.8%) 
[72, 157]. Nikiema et Heitz [139] compared three inorganic packing materials with specific 
surface area of 470, 1250 and 1360 m2/m3 of packed bed. For an inlet load of 90 gCH4 .m'3 .h'1, 
the CH4  elimination capacities were of 17, 38, and 50 gCH4 .m'3 .h'', respectively.
These properties are found in inorganic filter beds or well-stabilized organic materials [90]. In 
fact, with these materials, there is less compaction of the filter bed that can lead to the 
formation of anaerobic zones. The packing material must also be homogenized to prevent 
channeling problems. Compost, one of the most studied packing materials, offers a range of 
CH4 conversion values from 33% to 90% for inlet loads varying from 1 to 23 gCH4 .m‘3 .h‘' 
[152, 184, 190,212].
2.6.4 Nutrient concentrations
In addition to CH4, the microorganisms require both macronutrients such as nitrogen, 
phosphorus, and potassium and micronutrients such as copper, zinc, and iron among others
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[130]. Organic filter beds, such as compost, usually contain some intrinsic nutritive resources 
[54] but they decrease in the case of long-term operation [43]. For inorganic filter beds, 
nutrients must be added, with a nutrient solution supplied daily to the biofilter for example 
[140].
Several studies have dealt with the supply of nitrogen and the various inhibitions of CH4 
oxidation that occur. Nitrite (N0 2 *) is clearly known as an inhibitor of CH4 oxidation [26, 77, 
93, 103]. Hütsch [93] proved that CH4  oxidation was reduced by 84% when 40 mg N-NO2 ' 
•kgsoif1 was added. The effects of ammonium (NH4+) and nitrate (NO3') are more complex. For 
NH4+, low concentrations, from 10 to 60 mM stimulate CH4 oxidation during the induction 
phase but higher concentrations have an inhibitory effect [23]. Another study also reporteti the 
stimulating effect of NH4+ at the start-up followed by an inhibition, which was not reported for 
N 03‘ [83]. The analysis of the effect of NH4+ concentrations on the microbial populations and 
the performance of a CH4-treating biofilter demonstrated that the CH4 conversion dropped 
from 70% to 13% for NH4+ concentrations from 0.1 to 0.5 gN-NH/.L ' 1 [195]. A concentration 
of 0.2 gN-NH/.L ' 1 was found to be the threshold for the inhibition of CHt oxidizers for an 
inlet load of 20 gCH4 .m'3 .h'‘. The influence of N 03‘ on CFLt oxidation is also variable. No 
inhibition was found when 40 mg N-NCV.kgsoif1 was added by Hütsch [93]. However, the 
presence of N 03‘ has a higher inhibitory effect on CFLj oxidation than NFU+ in both landfill 
cover soils [99] and forest soils [154]. As shown by Nikiema et al., [141], there is an optimal 
value for the nitrogen concentration when added in the form of N 03' : 0.5 gN-N03'.L'' for a 
CH4  inlet load of 20 to 55 g.m'3 .h‘‘ and 0.75 gN-NCV.L' 1 for a CFLt inlet load between 55 and 
95 g.m'3 .h'‘. In the same study, a nitrogen concentration of 1 gN-NO^.L" 1 decreased the CH4 
removal.
Phosphorus has also an influence on CH4  elimination as a concentration of 3.1 gP.L' 1 caused 
an increase of the elimination capacity of up to 35% for a CH4  inlet load of 75 g.m'3 .h'' in 
comparison to a phosphorus concentration of 0.3 gP.L' 1 [140]. However, according to the 
same study, a concentration of 1.5 gP.I/'is preferred to avoid the rapid clogging of the 
biofilter. Other nutrients such as potassium, calcium, and magnesium play a minor role in CRt 
elimination [140].
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2.6.5 Oxygen requirements and exopolysaccharides (EPS) formation
Oxygen plays an important role in regulating methanotrophic bacteria [77, 204]. 
Methanotrophic bacteria are obligate aerobes [77]. Therefore, a minimal amount of O2 is 
required to promote the oxidation of CH4. For example, Czepiel et al., [44] found that the 
oxidation rate dropped rapidly for an O2 concentration below 3% v/v, while the oxidation rate 
was not sensitive to O2 concentrations above 3% v/v. As previously stated, the type of 
methanotrophs depends on both the concentration of O2 and CH4 [11, 75].'
The characterization of a methylotrophic enrichment culture showed that EPS produced as 
slime was mainly composed of polysaccharides [92]. A relationship between the O2 
concentration and EPS was found by Wilshussen et al., [204]. High O2 concentrations of 
10.5% v/v increased EPS formation up to 250% when compared with low O2 concentrations 
of 1.5% v/v. The formation of EPS was responsible for the decline of the CH4 oxidation rate 
after 100 days of biofilter operation [205]. This is confirmed by other studies where 
substantial accumulation of EPS was observed in soil with prolonged landfill gas exposure, 
more specifically in the most oxygenated area [82]. These authors hypothesized that EPS 
production may regulate the CH4 oxidation rate by constraining the diffusion of O2 to cells 
embedded in the biofilm. It is also assumed that the production of EPS is encouraged by high 
concentrations of CH4 (10% v/v) [204],
2.6.6 Empty Bed Residence Time (EBRT)
The performance of a biofilter is mainly influenced by two mechanisms: the pollutant 
diffusion transfer from the gas to the biofilm and the biodégradation reaction [146]. The 
EBRT plays an important role in the case of CH4  oxidation which has a low solubility in water 
presenting a diffusion coefficient of 1.49 10‘9 m2 .s'' at 298K [102]. The conversion of CH4 to 
an accessible form for microorganisms, i.e. dissolved CH4, requires a certain contact time [91], 
High conversion rates from 90% to 100% were achieved for an EBRT of 8.7 min and CH4 
inlet load inferior to 55 g.m'3 .h'‘ while the CH4 conversion varied from 30% to 90% for an 
EBRT of 5.8 min [142].
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2.6.7 Study of parameters in the presence of NMOCs
In recent studies, some environmental factors were taken into account in the presence of 
NMOCs : temperature, moisture content, pH, O2 supply and levels of ammonium and copper 
[4,162]. Along with CH4 , the biodégradation rate of TCA, DCM and TCE decreased when the 
temperature decreased from 35°C to 5°C [4]. In another study, it was shown that the 
environmental factors influenced the biodégradation of HCFCs in the same way as it 
influenced the CH4  biodégradation rate [162], A temperature of 30°C and a moisture content 
of 25% w/w were found to be the most suitable conditions and the most important to take into 
account. Moreover, the O2 supply is also critical. Few studies are available on the optimization 
of the biofiltration of CH4  and trace gases when compared to CH4  alone.
2.7 Kinetics and the interaction with other substrates
The kinetics and modeling of CH4 biofiltration have been the subject of different studies with 
either the Monod model [55, 182] or the Michaelis-Menten model [47, 72, 210]. Physical and 
chemical processes such as phase transfer, diffusion, and biodégradation have been taken into 
account. The analysis of CH4 interactions in microkinetic experiments with several chlorinated 
compounds was recently presented by Albanna et al., [4] (Table 2.2) who also identified the 
inhibition mechanism. These authors proved that uncompetitive inhibition can be used to 
explain the interaction of CH4 with DCM, TCA, and TCE. Other studies on CH4 biofiltration 
in the presence of trace compounds have already been reported in section Presence o f trace 
compounds : co-metabolism and inhibition. To our knowledge, no model has been proposed 
for a mixture of CH4 and other compounds.
2.8 Conclusion
In this paper, a brief review of the composition of landfill biogas, its treatment by biofiltration, 
and the interaction of CH4 oxidation with NMOCs is described. The valorization o f biogas is 
worthwhile when the conditions of concentration and flow rate are met: a CH4 concentration 
higher than 30% v/v and a flow rate of 30-50 m3 .h''. Otherwise, the biofiltration of CH4 as 
well as the NMOCs is an adequate alternative, particularly for older and smaller landfills.
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Biofiltration can be carried out in a biofilter or in the landfill soil cover. This biotechnology 
has been studied since the 1980s and is already implanted in Europe and North America. 
Expertise has been developed for the treatment of CH4 alone and several operating parameters 
have been studied: the type of packing material, the temperature, the moisture content, and the 
nutrient supply. However, some confusion still remains about nutrient inhibition mechanisms. 
In spite of the cometabolic properties of methanotrophs, studies on the simultaneous 
biofiltration of CH4  and NMOCs present in landfills and their interactions are relatively recent. 
Chlorinated compounds have been more studied than aromatic compounds, probably due to 
their lower biodegradability. Some chlorinated compounds, such as TCE, VC, and HCFCs, 
have been found to be inhibitors of CH4  oxidation. Limonene and a-pinene from the terpene 
family also present some inhibitory effects. Inhibitory effects from aromatics are less 
pronounced.
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Contribution au document :
Cet article est une étude préliminaire à l’analyse de la biofiltration d’un mélange. Il s’agit 
d’effectuer la continuité des études menées sur l’élimination du méthane sur un lit inorganique 
par le laboratoire BIOCOM. En effet, les études précédentes ont montré les meilleures 
performances d’élimination du méthane obtenues sur un lit filtrant inorganique par rapport à 
du compost (Nikiema et al., [138]). L’évaluation de certains paramètres comme la 
concentration d’azote, de phosphore, de la charge d’entrée du méthane, du débit d’air, de la 
taille des particules du lit filtrant, a suivi. L’analyse de la température, un des paramètres 
déterminant de la biofiltration n’avait pas encore été menée complètement ainsi que la quantité 
de solution nutritive et la concentration de dioxyde de carbone. Ce premier article se veut
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d’être un complément sur les différents paramètres à maîtriser pour la biofiltration du méthane 
seul.
Résumé :
La présence de méthane dans les émissions de gaz des sites d’enfouissement sanitaire 
contribue à l’effet de serre. Ces émissions de méthane provenant d’installations relativement 
anciennes et/ou de petites tailles peuvent être réduites par la technologie de la biofiltration. 
L’objectif de cette étude était d’optimiser les paramètres qui contrôlent l’élimination du 
méthane dans un biofiltre. La température est l’un des paramètres les plus importants ainsi que 
la quantité de solution nutritive apportée. Les effets de la concentration de dioxyde de carbone 
sur la biofiltration du méthane ont également été étudiés. Quatre biofiltres constitués d’un lit 
filtrant inorganique ont été testés respectant ces mêmes conditions : une concentration de 
méthane à l’entrée de 7000 ppmv et un débit d’air de 0.25 m3/h. L’addition de la solution 
nutritive se faisait quotidiennement. La température a varié de 4 à 43°C. La meilleure 
performance a été obtenue à 32°C avec une capacité d’élimination de 30 gCHVfm3 h) pour une 
charge d’entrée de 80 gCHVOn3 h). Concernant l’étude sur la quantité de solution nutritive à la 
température ambiante, la capacité d’élimination était de 23 gCH^m 3 h) à la fois pour 101 
LsN/(m3iit j) et 34 LsN/(m3ijt j) tandis qu’elle a chuté à 17 gCHVfm3 h) pour la valeur de 17 
LsN/(m3|jt j). Les concentrations de dioxyde de carbone ont varié de 600 à 18500 ppmv et 
aucun effet n’a été observé sur la capacité d’élimination qui est restée constante à 18 
gCH4/(m3 h) pour une charge d’entrée de 72 gCH4/(m3 h).
Note : Le contenu de cet article diffère légèrement de celui qui a été accepté, par soucis 
d’harmonisation avec l’ensemble du manuscript.
ANALYSIS OF THE EFFECTS OF TEMPERATURE, THE AMOUNT OF 
NUTRIENT SOLUTION AND THE CARBON DIOXIDE CONCENTRATION 
ON METHANE BIOFILTRATION
3.1 Abstract
Landfill gas emissions contribute to the greenhouse effect due to the presence of methane 
(CH4). Methane emissions from old and small landfills can be reduced by using biofiltration. 
The objective of this study was to optimize parameters that control CH4 removal in a biofilter. 
Temperature is one of the important parameters as well as the amount of nutrient solution 
supplied. The effects of the carbon dioxide concentration on CH4  biofiltration were also 
studied. Four biofilters using an inorganic filter bed were studied under similar conditions: an 
inlet CH4  concentration of 7000 ppmv and an air flow rate of 0.25 m3/h. A nutrient solution 
was supplied daily. The temperature was varied from 4 to 43°C. The highest performance was 
obtained in the range of 31-34°C with an elimination capacity of 30 gCH4/(m3 h) for an inlet 
load of 80 gCItyfm3 h). The effect of the amount of nutrient solution supplied to the biofilter 
at ambient temperature was also analyzed. The elimination capacity was 23 gCH4/(m3 h) for 
both 101 LNs/(m3vbed d) and 34 LNs/(m3vbed d), but it fell to 17 gCFL/fm3 h) at 17 LNs/(m3vbed 
d). Carbon dioxide concentrations were varied from 650 ppmv to 18500 ppmv and no effect 
was noticed on the elimination capacity which remained constant at 18gCH4/(m3 h) for an inlet 
load of 72 gCH4/(m3 h).
Keywords: Methane, Biofiltration, Temperature, Nutrient Solution, Carbon Dioxide, Air 
Treatment, Environment.
3.2 Introduction
Atmospheric CH4 concentrations have increased from 715 ppbv during the industrial 
revolution (XIXth century) to 1785 ppbv in 2008 [111]. Up to 65% of emissions are due to 
anthropogenic sources such as fossil fuel combustion, agriculture, waste handling and rice 
cultivation [145], Methane is the second most important greenhouse gas, just after carbon 
dioxide (CO2). Its Global Warming Potential (GWP) is 25 times higher than the one for CO2 , 
based on a 100-year time horizon [172], Among the anthropogenic sources, landfills
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contributed to 20% of the CH4 emissions in Canada in 2007 [63], while the value was about 
18% worldwide [27].
Methane recovery from landfills tends to be developed in Canada and 65 gas extraction 
systems were installed in 2007 [63]. Recent studies from nine landfill cells in France have 
shown that 92 to 97% of biogas can be recovered [175]. To achieve efficient energy 
valorization, CH4 concentrations higher than 30-40% (v/v) are required with a minimum gas 
flow rate of 50 m3/h [78]. An alternative to energy valorization is flaring, which needs CH4 
concentrations higher than 2 0 % (v/v) and a flow rate of 15 m3/h to be economically feasible 
[78]. When concentrations and flow rates are no longer appropriate for energy valorization or 
flaring, biofiltration is a bioprocess well adapted to control CH4 emissions. It is generally the 
main control process for small and old landfills but it provides also a secondary treatment 
process for large and new landfills which have recovery installations [164],
Biofiltration is a triphasic biotechnology which uses microorganisms to eliminate pollutants 
like volatile organic compounds (VOC), volatile inorganic compounds (VIC) or greenhouse 
gases (GHG) like CH4. The pollutant is transformed into water (H2O), CO2, biomass and salts. 
The degradation process of CH4 is divided into three steps. First, CH4 is oxidized to methanol 
(CH3OH) by an enzyme called methane monooxygenase (MMO). Methanol is then 
transformed in formaldehyde (HCHO). This intermediary product is used to generate CO2, 
H2O and biomass during the last step [77]. The bacteria responsible for CH4 oxidation are 
called methanotrophic bacteria and are part of the methylotrophic bacteria able to assimilate 
Cl compounds (like CH4 and CH3OH).
Engineered systems developed to optimize CH4 biooxidation in landfills are either biocovers 
or biofilters. Biocovers are generally spread over an entire landfill area or a specific sector 
while biofilters are defined as fixed bed reactors, filled with a packing material and provided 
with a gas collection and drainage system [164].
Several variables need to be taken into account to control the microbial CH4  oxidation such as 
the moisture content, temperature, oxygen availability, CH4  concentration and addition of 
nutrients. Since microbial metabolism is limited by temperature, this parameter is one of the 
most important. Mesophilic cultures of methanotrophic bacteria have an optimal range from 
20 to 37°C to live and multiply [91]. Methanotrophic bacteria tolerant to cold have their 
optimum temperature under 20°C [212] and the microorganisms are still active down to 1-2°C
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[162]. Laboratory batch experiments have shown an optimal temperature range of 30-36°C 
and 25-35°C in landfill soil biocovers [148,196]. Results from field investigations indicated a 
higher CH4  elimination for a temperature range from 9 to 25°C than the range 2-9°C, 96% and 
0-22% respectively using mechanically-biologically treated waste as a biocover [62], In 
western Canada, CH4 conversion reached 33%, 55% and 89% in a landfill biocover, for 
respective minimal temperatures of 3°C (unheated bed), 8 °C (heated bed) and 12°C (heated 
and temperature controlled bed) [2 1 2 ].
Similarly, the moisture content influences the CH4 bioxidation rate as microorganisms require 
moisture to carry out their normal metabolic activity [129]. An optimal water level range 
should be sought for each filter material to prevent the drying out of the filter bed or reversely, 
water clogging. The first event causes a significant reduction in the biodégradation rate while 
the second inhibits the transfer of oxygen and CH4 and promotes the development of anaerobic 
zones [72, 97]. Several studies have dealt with the optimal range of moisture for CH4 
biofiltration using different filter beds. However, relatively few studies have analyzed the 
effect of the amount of nutrient solution supplied to the biofilter. According to our knowledge, 
one study was reported for toluene biofiltration, in a lab-scale fungal biofilter of 2.9 L, where 
the watering flow rate was decreased from 344 LNs/(m3vbed d) to 34 LNs/(m3vbed d) and also 
interrupted for five days [121]. The effect of nutrient addition is also important. In fact, some 
filter beds already contain the necessary macro and micronutrients to maintain an adequate 
microbial population [112]. However, an extra-addition of nutrient solution is needed in 
certain cases, particularly for inorganic filter bed [138],
The CO2 concentration is not considered a key parameter for CH4  biofiltration. However, high 
concentrations of CO2 in the range from 30 to 65% (v/v) are often reported in landfill gas 
emissions [164, 175]. Previous studies report diverging results. A reduction of 16-30% in CH4  
uptake was observed in a forest soil continuously enriched with CO2 at 2 0 0  ppmv above 
ambient levels [151]. In a different study, no significant effect in the rates of CH4  oxidation 
was noticed for CO2 concentrations ranging from 400 to 400 0 0 0  ppmv in laboratory 
experiments with landfill biocover [176], However, the CO2 respiration rates decreased with 
the high CO2 concentrations.
The main objective of this study was to determine the optimal temperature range for CH4 
elimination with an inorganic filter bed at a CH4 inlet concentration around 7000-7500 ppmv
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and a flow rate of 0.25 m3/h. Two models to quantify the effect of the temperature were also 
tested. In addition, other experiments were performed to analyze the effect of the amount of 
nutrient solution supplied to the biofilter and the influence of CO2 above the atmospheric 
concentration at ambient temperature (24°C).
3.3 Materials and methods
3.3.1 Experimental set-up
The experimental set-up is shown in Figure 3.1. The upflow laboratory-scale biofilter column 
is made of Plexiglas with an internal diameter of 0.15 m. The biofilter is divided into three 
identical sections of 0.27 m high and was filled with an inorganic medium. Due to an existing 
confidentiality agreement, specific details about the characteristics of the filter bed are not 
available for publication at this time. The gas mixture is carried out at the bottom of the 
biofilter and consisted in mixing pre-humidified air and pure CH4 (Praxair Inc., Québec) in the 
desired concentration. The effluent gas is sent to an evacuation system.
Mass Humidification 
Flowmeter Column
Nutrient
Solution
Supply
—o o
Methane Compressed
Gas exit
Sample port 
Filter bed
Leachate
air
Figure 3.1: Laboratory-scale biofiltration system
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3.3.2 Operating conditions
Experiments were carried out on two biofilters to evaluate the influence of the temperature. 
Both were operated under the same inlet air flow rate of 0.25 m3/h at a CEU concentration 
around 7000-7500 ppmv. The initial temperature was fixed at 24°C. After 20 days of 
operation, one biofilter (BFH) was covered with both a silicon heating unit and an aluminum 
thermal blanket to increase the temperature from 24°C up to 43°C. The second biofilter (BFL) 
was put into a temperature controlled chamber to decrease the temperature. Temperatures 
tested for BFH were 25, 31, 34, 41 and 43°C, and 25, 14 and 4°C for BFL. The amount of 
nutrient solution (NS) was constant at 67 LNs/(m3vbed d).
A third biofilter (BFA) was used to evaluate the influence of the amount of NS supplied with 
an inlet air flow rate of 0.25 m3/h and at a CH4 concentration around 7000-7500 ppmv at 
ambient temperature (24°C). The amount of NS supplied ranged from 17 to 101 LNs/(m3vbed 
d).
Carbon dioxide concentrations were varied in a fourth biofilter (BFC) from 650 ppmv to 
18500 ppmv. BFC was operated at ambient temperature (24°C) with an amount of NS of 67 
L Ns /(m 3vbed d). The detailed composition of the NS for macronutrients and micronutrients is 
described in the Table 3.1.
Table 3.1: Composition and concentration of the macronutrient and micronutrient solution
Macronutrients Concentration
(mg/L)
Micronutrients Concentration
(Hg/L)
NaN03 3038 ZnS04, 7H20 576
K2SO4 170 MnS04, 7H20 466
MgS04, 7H20 37 H3BO3 124
CaCl2 ,2H20 7 NaMo04, 2H20 96
KH2PO4 530 C0 CI2 , 6H20 96
Na2HP04 860 KI 166
CUSO4 , 5 H2O 250
FeS04 ,7H20 1 1 2
3.3.3 Parameters for analyzing biofilter performance
The performance of a biofilter is expressed in terms of the inlet load IL (gCHVCm3 h)), the 
elimination capacity EC (gCH^m 3 h)), the conversion rate X (non-dimensional), and the CO2 
production rate PCO2 (gC(V(m3 h)) as shown below:
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(3.1)
£ £ = (Cjn Cou, )  * Q (3.2)
(3.3)
PCOj = (3-4)
where Q is the total air flow rate (m3/h), Vbcd is the packing bed volume (m3), Cj„ is the CH4
inlet concentration (g/m3), Cout is the CH4 outlet concentration (g/m3), Cco2,in is the CO2 inlet 
concentration (g/(m3 h)) and Cco2,out is the CO2 outlet concentration (g/(m3 h)).
The inlet and outlet CH4 concentrations present in the gas phase were measured by means of a 
FIA-510 total hydrocarbon analyzer (Horiba, USA). Carbon dioxide concentrations were 
analyzed with a portable gas analyzer system (Ultramat 22P, Siemens AG, Germany). The bed 
pressure drop was measured with a differential manometer (Type 4, Air Flow Developments 
Ltd, UK). The temperature inside the filter bed was monitored with T-type thermocouples 
(18G, Omega, USA). The moisture content of the filter bed was calculated by subtracting the 
mass of a sample of the filter bed before and after drying in an oven at 105°C and dividind by 
the mass of the sample.
3.3.4 Parameters for modeling the effect of the temperature
Several models have been used to quantify the effect of the temperature on the growth of 
different microorganisms like Arrhenius or Esener. These models are based originally on the 
determination of microkinetic parameters such as the maximum specific growth rate (pmax), by 
batch experiments [2, 65].
To perform kinetic analysis in a biofilter, another approach has been considered, the 
macrokinetic approach, which is related to the pollutant biodégradation rate [186]. In this case, 
the kinetic parameters are defined with models based on the Michaelis-Menten approach. It 
has been shown that macrokinetic models fit well to the experimental EC [15,171,186].
In the present study was used the macrokinetic approach in both the modified model of 
Arrheniiis [13] and the model of Esener [65].
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The modified Arrhenius equation (3.5) is given below:
EC= A-e{-E'IRT) ( 3 .5 )
where A is a pre-exponential factor (g/(m3 h)), Ea is the activation energy for CH* 
biodégradation (kJ/mol), R is the universal gas constant (kJ/(mol K)) and T is the absolute 
temperature (K).
The second model is the modified Esener model [65]:
EC = , (3.6)
l + k-e  2 ^
where A’ (g/(m3 h)) and k (dimensionless) are both pre-exponential factors and E|, E2 are the 
activation energy for CH4 biodégradation and for the thermal dénaturation processes (kJ/mol) 
respectively. The optimum temperature (Topt) was calculated thanks to the following equation 
(3.7) obtained by setting the first derivative of equation (3.6) with respect to T equal to zero:
T =■Opt
R In
\ \
J)
(3.7)
3.4 Results and discussion
3.4.1 Temperature experiments 
Experimental results
For the two biofilters BFH and BFL, the IL, the PCO2 , the EC and temperature (T) as a 
fimction of time are presented in Figure 3.2 and Figure 3.3. The IL was nearly constant during 
all the experiments with a mean value of 80±5 gCH4 /(m3 h) for the two biofilters.
Both BFH and BFL were operated under the ambient room temperature of 24°C during the 
first 20-day period. The average measured temperature inside the filter bed was 25.4°C. From 
day 20 to 40, the average temperatures were 33.6°C and 14.3°C for BFH and BFL 
respectively. BFH was operated for 15 days at 40.3°C and 14 days at 42.9°C while BFL was
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operated one more week at 4.2°C. To confirm the optimal range of temperature, BFH was 
operated 27 days more at 31.1 °C after a backwash of the biofilter. The temperature was then 
increased to 41.5°C during 10 days.
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Figure 3.2: Inlet Load (IL), Carbon dioxide Production rate (PCO2), Elimination Capacity 
(EC) and Temperature (T) as a function of time for BFH
At ambient temperature (24°C), the EC averaged 23±2 gCH4/(m3 h) for BFH and BFL. At 
33.6°C, the EC reached a plateau of 30±1 gCH4/(m3 h). For temperatures higher than 34°C, the 
EC decreased with temperature. At 40.3°C, the EC varied from 26 to 21 gCHVfin3 h) and it 
remained constant at 18±1 gCHVtm3 h) for 14 days at 42.9°C. After the backwash of the 
biofilter, the EC reached a value similar at the one at 33.6°C. These results confirmed that the 
optimal temperature range was from 31 to 34°C. Increasing the temperature by steps of 10°C 
resulted in a decrease of biofilter performance with a drop in EC to 7 gCH^m 3 h) at 41.5°C 
and then a stabilisation at 14±4 gCFL^m3 h) which resembled the previous results at 42.9°C. 
The decrease in temperature had a negative effect on BFL’s performance. The first 
temperature drop from 24°C to 14.3°C resulted in a decrease of the EC from 23±2 to 14±4 
gCH4/(m3 h). From 14.3°C to 4.2°C, BFL showed nearly a complete inhibition of CH4 
oxidation with an EC of 1.2±1.4 gCFL^m3 h).
yv
a Backwash O9>o
ei 60
Cd 50
10
-♦ - IL  
-+-PC 0 2  
- • -E C  
O T
37
40
30 ÇW'
£
I
20 fc a  
S
ff
10 
0
0 20 40 60
Time (days)
Figure 3.3: Inlet Load (IL), Carbon dioxide Production rate (PCO2), Elimination Capacity 
(EC) and Temperature (T) as a function of time for BFL
The CO2 production rate followed the EC trend with high values up to 58±5 gCCVCm3 h) at 
33.6°C and low ones of 4±1 gC0 2 /(m3 h) at 4.2°C. The decrease in temperature by steps of 
10°C implied a drastic change of operating conditions. The degrading bacteria were still able 
to remove CH4 at 14.3°C with a conversion of 17±2% but when the temperature dropped to 
4°C, conversion was as low as 1±2%. Complete inhibition at low temperatures has already 
been reported by several authors [137, 196]. Reversely, no inhibition was noticed when the 
temperature was increased with a conversion of 30±3% and 24±1% for 40.3°C and 42.9°C 
respectively. Temperatures higher than 45°C were not studied due to reasons of laboratory 
safety. Furthermore, this temperature has already been shown to inhibit CH4 oxidation [196, 
202],
This response to temperature results from the type of microorganisms responsible for CH4 
degradation. As it was shown in a previous study, Methylocystis parvus appeared to be the 
dominant CEL-degrading bacteria in a biofilter used to treat CH4 [138]. This bacteria is 
mesophilic with an optimal range of temperature for growth between 23-25°C and 31-34°C 
[144].
The values of pressure drop (AP) for BFH and BFL are presented in Table 3.2. The initial AP 
was similar for the two biofilters at 0.04 cmH20/m. At day 47, BFL had a final AP of 0.07
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cmH2 0 /m and at day 69, BFH’s AP was 0.11 cmH2 0 /m. These values of AP are low but BFH 
was backwashed on day 69 because of a high amount of biomass visible in the biofilter. After 
the backwash, the values of AP are higher because of water accumulation in the biofilter. The 
backwash procedure used in this study consisted of pouring tap water (~4L) in each of the 
three biofilter sections individually. However, the 10°C temperature increase at day 98 may 
have killed a significant amount of biomass by thermal dénaturation, therefore increasing 
BFH’s AP from 0.5 cmH2 0 /m to 0.7 cmHîO/m.
Table 3.2: Pressure drop of BFL and BFH
Biofilter Period
(days)
Temperature
(°C)
Total AP 
(cndHhO/m)
BFH 1 - 2 0 25.4 0.04
21-41 33.6 0.04-0.05
42-55 40.3 0.05-0.08
56-69 42.9 0.09-0.11
(backwash) 70-97 31.1 0.13-0.3
98-108 41.5 0.5-0.7
BFL 1-19 25.4 0.04
20-40 14.3 0.04-0.06
41-47 4.2 0.07
Quantification of the effect of temperature
Figure 3.4Figure 3.4 presents the experimental data of the EC as a function of temperature 
and the models. The coefficients for the Arrhenius type model and the Esener type model are 
given in Table 3.3. The determination coefficients obtained for the Arrhenius (14-34°C) and 
Esener (4-41°C) models fitted to experimental data were 0.972 and 0.975 respectively. From 
14 to 34°C, the EC followed an exponential trend as predicted by the Arrhenius equation. 
However, the EC decreased after reaching the Topt in the biofilter. The Topt calculated from 
equation (3.7) was 32°C. This value lies within a typical range for mesophilic microorganisms 
[91, 148, 196] and it was in the optimal range of temperature observed experimentally, from 
31-34°C.
The results of the Esener type model are significant according to a t-test with a rvalue of 14 in 
a confidence interval of 95% (n=7), as are the results of the Arrhenius type model with a t of 
13 in the same confidence interval (n=4).
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Table 3.3: Temperature coefficients for Arrhenius and Esener models
Coefficients
A, g/(m3 h) 8.5E + 6
E„ kJ/mol 32
A’, g/(m3 h) 1.6E+ 13
M -) 1.7E + 25
Ei, kJ/mol 67
E2, kJ/mol 148
The activation energy is generally underestimated with the use of the Arrhenius type model 
[65] which is consistent with the values presented in Table 3.3 where Ea=32 kJ/mol < Ei=67 
kJ/mol. The Esener model introduces a term which predicts the decrease of the macrokinetic 
parameter after Topt. In fact, E2 is defined as the activation energy for thermal dénaturation and 
is generally higher than the activation energy for growth [46]. In our case, E2 is two times 
higher than Ei. For comparison, Gebert et a/., [72] have calculated an energy activation of
74.5 kJ/mol for CH4 oxidation in a biofilter for a temperature rise from 10 to 20°C [72].
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Figure 3.4: Effect of temperature on EC on methane in an inorganic biofilter
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3.4.2 Experiment on the amount of nutrient solution
Figure 3.5 presents the EC and the amount of NS for an IL of 80±2 gCHVCm3 h). A period of 
adaptation was noticed from day 1 to day 14 with a maximum EC of 29±1 gCHVCm3 h). 
Decreasing the amount of NS from 101 LNs/(m3vbed d) to 34 LNs/(m3vbed d) had no visible 
effect on biofilter performance. The EC remained constant around 23±1 gCFL^m3 h). 
Reducing the amount of NS to 17 LNs/(m3vbed d) induced a decrease of the EC to 17±3 
gCH4/(m3h).
No important increase in the AP was noticed when the amount of NS was decreased from 101 
LNs/(m3vbed d) to 34 LNs/(m3vbed d) with 0.09 cmHaO/m and 0.14 cmH20/m at the end of each 
period respectively. After the backwash of the biofilter on day 56, the AP at 17 LNs/(m3vbed d) 
has decreased to 0.04 cnri^O/m.
The moisture content of each biofilter section was measured at the three NS flow rates. While 
it averaged 36% (water/filter bed sample, w/w) for the three sections for both 101 and 34 
LNs/(m3vbcd d), it decreased to 27% at 17 LNs/(m3vbed d).
A nutrient solution is necessary due to the use of an inorganic filter bed. No water 
accumulation was observed in the top section of the biofilter which could explain the low AP. 
On the other hand, the CH4 conversion decreased by 33% in the bottom section when the 
amount of NS was reduced from 34 LNs/(m3vbed d) to 17 LNs/(m3vbed d). No drying-out of the 
filter bed was observed. However, it may be hypothesized that the nutrient uptake is higher in 
the top section and therefore deprived the bottom section from the micro and macro-nutrients. 
Considering these details, a minimal amount of NS of 34 LNs/(m3vbed d) is required as there 
will be an optimal distribution of the NS and no water accumulation along the biofilter.
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Figure 3.5: IL, EC and NS amount as a function of time for BFA
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3.4.3 Experiment on the concentration of carbon dioxide
Figure 3.6 presents the IL, PCO2 , EC and CO2 concentration as a function of time for BFC. 
The IL was fixed at 72±2 gCH4 /(m3 h). The biofilter was operated during 99 days and no 
variation of the EC was noticed with 18±1 gCH^m 3 h) for CO2 concentrations varying from 
650 to 18500 ppmv. These results are coherent with previous experiments in the literature 
where no effect was visible in CH4 oxidation rates for CO2 concentrations varying from 400 to 
400 000 ppmv in landfill cover soils [176]. The results are different from the experiments led 
on forest soil where the CH4 consumption rate was reduced by 30% for a CO2 concentration 
200 ppmv higher than the atmospheric concentration (400 ppmv) [151].
Carbon dioxide concentrations in forest soils are generally lower (0.04%, v/v), than in landfill 
soils (30-65%, v/v) [151, 164, 176], It may be hypothesized that methanotrophs from forest 
soils would be more affected by variations in CO2 concentrations than the methanotrophs 
responsible for CH4 degradation in landfill soils.
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Figure 3.6: IL, EC, PCO2 and CO2 concentrations as a function of time for BFC
3.5 Conclusion
The main objective of this study was to evaluate the effect of the temperature on CH4  removal 
by biofiltration. Eight temperatures were tested from 4°C to 43°C. The effect of the 
temperature was well quantified thanks to the modified Esener model. From this model, the 
optimum temperature calculated was 32°C which was in the range observed experimentally. 
At this temperature the highest EC was observed with an average of 30±1 gCH^m 3 h) for an 
IL of 80±5 gCH^m 3 h). The decrease of the amount of NS from 101 to 34 LNs/(m3vbed d) 
appeared to have no effect on the EC. However, at 17 LNS/(m3vbed d), a decrease of the EC was 
observed at 17±3 gCH4/(m3 h). A minimal amount of NS of LNs/(m3vbed d) should be added to 
the biofilter to ensure an equal distribution of the NS. The study regarding CO2 concentrations 
varying from 650 to 18500 ppmv showed no effect on the EC which remained constant at 
18±1 gCH4/(m3 h).
The results obtained in this study highlight the importance of both the temperature and the 
amount of nutrient solution for an inorganic based-bed biofilter and may have to be taken into 
consideration in landfill management. Landfills are open-space operated and undergo high 
temperature variations annually. Because of the decrease in microorganism activity under 
14°C, it is essential to design the biofilter adequately in anticipation of the cold season to 
maintain a minimal temperature in filter bed and ensure the microbial degradation of CH4 . 
Although the objective would be to remain at the optimum temperature it should be noted that
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microbial activity could be sustained even during the cold season. Furthermore, an appropriate 
way to spray the nutrient solution has to be installed to promote a good homogeneity of 
nutrient supply in the filter bed and also to control the supply flow rate to minimize either the 
drying-out or water clogging phenomena. Finally, the range of CO2 concentrations tested did 
not show any inhibition of CH4 oxidation. However, higher concentrations of CO2 should be 
tested at a pilot scale to confirm this trend for real situations.
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Cet article est le premier du groupe BIOCOM à présenter la biofiltration d’un mélange binaire 
constitué de méthane et d’un composé organique volatil, soit un composé aromatique 
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Résumé :
Deux gaz introduits à l’état de traces, le toluène et le chlorobenzène, ont été ajoutés 
séparément à deux biofïltres traitant le méthane à l’aide d ’un lit filtrant inorganique. 
L’influence de la charge d’entrée du méthane, de la nature et des concentrations des deux 
composés traces (toluène et chlorobenzène) sur l’élimination du méthane, ont été étudiées. 
Les capacités d’éliminations (EC) du méthane sont restées constantes lorsque la charge 
d’entrée (IL) du méthane était la plus faible (méthane-IL = 16 gC/(m3 h)) quelles que soient 
les concentrations en toluène (méthane-EC = 7.6 ± 0.4 gC/(m3 h)), ou en chlorobenzène 
(méthane-EC = 5.9 ± 0.4 gC/(m3 h)). Les capacités d’élimination ont été plus affectées par les 
changements de concentration des composés traces lorsque la charge d’entrée du méthane 
était plus élevée (méthane-IL = 6 6  gC/(m3 h)). Pour le biofiltre traitant le toluène, la capacité 
d’élimination du méthane a baissé de 13.6 ± 1.0 gC/(m3 h) à 1.4 ± 0.5 gC/(m3 h), tandis que 
celle du méthane pour le biofiltre traitant le chlorobenzène a diminuée de 11.1 ± 0.5 gC/(m3 h) 
à 4.0 ± 0.6 gC/(m3 h). Par ailleurs, une capacité d’élimination maximale pour le toluène de 49 
gC/(m3 h) a été atteinte pour le biofiltre fonctionnant avec une faible charge d’entrée en 
méthane (méthane-IL = 16 gC/(m3 h)), tandis que seulement 36 gC/(m3 h) de toluène ont été 
éliminées pour la plus forte charge d’entrée de méthane (méthane-IL = 6 6  gC/(m3 h)), 
probablement dû à l’apparition de pertes de charge dans ce biofiltre. Une capacité 
d’élimination maximale du chlorobenzène de 2 gC/(m3 h) a été atteinte quelles que soient les 
charges d ’entrée du méthane. Cette étude montre que la biofiltration du méthane peut être 
perturbée par la présence de composés traces sur une expérience à long terme en fonction de 
là charge de méthane à traiter.
Note : Le contenu de cet article diffère légèrement de celui qui a été accepté, par souci 
d’harmonisation avec l’ensemble du manuscript.
EFFECT OF TRACE GASES, TOLUENE AND CHLOROBENZENE, ON 
METHANE BIOFILTRATION: AN EXPERIMENTAL STUDY 
4.1 Abstract
Two trace gases, toluene and chlorobenzene, were added separately to a methane-treating 
biofilter using an inorganic filter material. At two fixed inlet loads of methane, 16 gC/(m3 h) 
and 6 6  gC/(m3 h), the influence of the concentration of toluene and chlorobenzene on methane 
removal was investigated. Constant elimination capacities of methane were achieved at the 
lowest inlet load of methane whatever the inlet load of toluene or chlorobenzene were, with
7.6 ± 0.4 gC/(m3 h) for toluene-biofilter and 5.9 ± 0.4 gC/(m3 h) for chlorobenzene-biofilter. 
Elimination capacities of methane were more affected by the trace gases for the highest inlet 
load of methane with a decrease from 13.6 ±1.0 gC/(m3 h) to 1.4 ± 0.5 gC/(m3 h) for toluene- 
treating biofilter and from 11.1 ± 0.5 gC/(m3 h) to 4.0 ± 0.6 gC/(m3 h) for chlorobenzene- 
treating biofilter. A maximum elimination capacity of 49 gC/(m3 h) for toluene was achieved 
for the lowest inlet load of methane while only 36 gC/(m3 h) for toluene was reached for the 
highest inlet load of methane. A maximum elimination capacity of 2 gC/(m3 h) of 
chlorobenzene was obtained for the two inlet loads of methane. This study shows that methane 
biofiltration may be disrupted by the presence of a trace gas in a long term operation 
depending on the inlet load of methane.
Keywords: biofiltration, methane, trace gas, toluene, chlorobenzene
4.2 Introduction
The biodégradation of municipal stored wastes in anaerobic conditions in landfills is 
responsible for biogas generation. Biogas mainly consists of methane (CH4) and carbon 
dioxide (CO2) with concentrations of 50-60% v/v and 40-50% v/v respectively [132,159]. The 
biogas contribution to global warming is noteworthy as CH /s global warming potential is 25 
times that of CO2 over a 100-year period [172], In Canada, landfills contributed to 20% of 
CH4  emissions in 2008 [64]. The landfill biogas composition was reported to contain more 
than 200 non-methane organic compounds (NMOC) which represents 1% of the total biogas 
volume [159], Their origins may be imputed to intermediate biochemical reactions associated 
with degradation and volatilization processes of organic wastes disposed of in landfills [31,
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40]. The broad list of identified compounds has been divided into main families such as 
alkanes, alcohols, ketones, aromatics, chlorinated aliphatic hydrocarbons, 
chlorofluorocarbons, terpenes and siloxanes [40,159,177].
Biofiltration is a technology able to attenuate CH4  emissions, particularly in small and old 
landfills, but also in large and new landfills as a post-treatment of energy recovery or flaring 
[127, 164]. Biofiltration of CH4  is well documented with regards to operational parameters 
such as temperature, bed moisture, properties of the packing material, supply of essential 
nutrients, inlet load, oxygen concentration and even extrapolymeric substance formation. 
However, the complexity of the biogas mixture has underlined a new parameter: the presence 
of NMOC. Recent studies have dealt with the cometabolic properties of methanotrophs, the 
CH4-degrading bacteria, and the various interactions that may occur between the compounds 
and the microorganisms. Most of the experiments were carried out in batch experiments to 
assess the effect of different trace gases on the CH4  bio-oxidation [4, 33, 162, 163]. A few 
studies take into consideration dynamic factors in using a dynamic column set-up in addition 
to the batch experiments [160, 161]. A wide range of trace gases have been investigated, from 
aromatic hydrocarbons (like benzene, toluene) to chlorofluorocarbons and 
hydrochlorofluorocarbons without forgetting chlorinated compounds (like trichloroethylene, 
vinyl chloride, dichloromethane and trichloroethane) [4, 33, 160-163].
The objective of this study was to investigate the effect of both toluene and 
monochlorobenzene as trace gas compounds on CH4 biodégradation in a lab-scale column 
biofilter. The removal of the trace gases was also evaluated. Toluene was chosen because of 
its large distribution in landfill biogas [40, 159] while monochlorobenzene was taken more 
particularly to represent an aromatic chlorinated compound more recalcitrant to the bio­
oxidation than toluene [53].
4.3 Materials and methods
4.3.1 Experimental set-up
The experimental set-up is shown in Figure 4.1. The upflow laboratory-scale biofilter column 
was made of Plexiglas with an internal diameter of 0.15 m. The biofilter was divided into three 
identical sections of 0.32 m high and was filled with a stone based inorganic medium. Due to 
confidential reasons, the nature of the packing material cannot be revealed. Some
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characteristic can be given as the equivalent diameter of 7.3 ± 0.2 mm, the specific surface 
area of 470 m2/m3 and a void space volume of 0.43 [70]. The gas mixture was fed to the 
bottom of the biofilter and consisted of mixing pre-humidified air, pure CH4  (Praxair Inc., 
Québec) and vapors of toluene (Fisher Scientific 99.99%) or monochlorobenzene (Acrôs 
Organics 99%). The VOCs (volatile organic compounds) vapors were produced by flowing 
dry air through a saturation chamber. The air flow rates were regulated by mass flow 
controllers (Brooks, Series 0154 and 0254). The effluent gas was sent to an evacuation system.
Nutrient 
Humidification Solution
Column
Volumetric
Flow m eter
Filter bed
Pure
voc
Leachate
Methane Dry
air
Figure 4.1 : Experimental set-up of the biofilter. The numbers 1,2, 3 correspond to the
stage number of the biofilter.
50 CHAPITRE 4
4.3.2 Operating conditions
Experiments were carried out on four different biofilters to evaluate both the influence of the 
VOC on CH4 elimination and the behavior of VOC degradation in presence of CH4. The 
biofilters were all operated under the same inlet air flow rate of 0.25 m3/h corresponding to an 
empty bed residence time (EBRT) of 250 s.
The experiment was carried out in two series: BT and BC for the biofilter operated with both 
CH4 and either toluene (C7H8) or monochlorobenzene (CéHsCl), respectively.
Two fixed concentrations of CH4, (1): 1.0 gC/m3 (2000 ppmv) and (2): 4.4 gC/m3 (9000 
ppmv), were studied. The numbers 1 and 2 are linked to the level of CH4 concentration 
mentioned before. BT1 and BT2 were operated at four concentrations of toluene : 0.8, 1.7, 2.8 
and 3.8 gC/m3, and BC1 and BC2 at three concentrations of chlorobenzene : 0.08, 0.24 and 
0.48 gC/m3. The concentrations of toluene and chlorobenzene in this study were higher than 
those reported in landfills, varying from 3 to 2471 pg/m3 [40, 45, 57, 213] and from 0.01 to
2.2 pg/m3 [57, 213] respectively. Higher concentrations were chosen to accentuate the impact 
of trace gas compounds on methane biodégradation.
A nutrient solution (NS) was applied daily to each biofilter at a rate of 1.3 L/day. The detailed 
composition of the NS for macronutrients and micronutrients is shown in Table 4.1.
Table 4.1 : Composition and concentration of the macronutrient and micronutrient solution
Macronutrients Concentration
(mg/L)
Micronutrients Concentration
(Pg/L)
NaN03 3038 ZnS04, 7H20 576
K2SO4 170 MnS04, 7H20 466
MgS04, 7H20 37 H3BO3 124
CaCl2,2H20 7 NaMo04, 2H20 96
KH2PO4 530 C0 CI2 , 6H20 96
Na2HP04 860 KI 166
CuS04, 5H2O 250
FeS04, 7H20 112
4.3.3 Analytical methods
Methane and VOC concentrations were measured in the biofilter at the four sample ports using 
a total hydrocarbon analyzer (FIA-510, Horiba, USA), CO2 concentrations were measured 
with a portable gas analyzer system (Ultramat 22P, Siemens AG, Germany). The measured 
CO2 concentrations accounted for both the production of CO2 by CH4  and VOC oxidation.
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The concentrations of the VOC were determined by subtracting the concentration of CH4 
measured alone to the total concentration analyzed originally.
The bed pressure drop was measured with a differential manometer (Type 4, Air Flow 
Developments Ltd., UK).
4.3.4 Parameters for analyzing biofilter performances
The performance of a biofilter is expressed in terms of the inlet load IL of the compound i 
(gi/(m3 h)), the elimination capacity EQ (gi/(m3 h)), the removal efficiency REj (%), and the 
CO2 production rate PCO2 (gCC>2/(m3 h)) calculated as shown below:
c lln*Q
iL r — —  (4.1)
''bed
ECj= (4.2)
b^ed
R E r 100* C‘Jn ~ C,'om (4.3)
Ci,m
( C C02 , ,  ~  C C02 „ ) * Q
PC02 = ----- — ------- —------  (4.4)
b^ed
where Q is the total air flow rate (m3/h), Vbcd is the packing bed volume (m3), Ci,in and Cj)0Ut 
are the inlet and the outlet concentration of the compound i respectively (gC/m3), Cco2,in and 
Cco2,outare the CO2 inlet and outlet concentration (gCfVm3).
4.3.5 Microbial counting
The Most Probable Number (MPN) method employing 96-well microtiter plates was used to 
enumerate the total culturable microorganisms in the different sections of the biofilter. The 
biofilters were sampled when the performance of the biofilter were stabilized, generally 
around 15 days after each change of operating condition. Three replicates were taken for each 
section. For determination of microbial count, 10 g of humid packing were mixed in 20 mL of 
buffered solution containing 0.1% (w/v) sodium pyrophosphate and 2% (w/v) NaCl in sterile 
tubes. The tubes were then vortexed for 30 s at the maximum speed, laterally shaken for 30 
min (250 rpm) and finally centrifuged for 2 min (1000 rpm) to separate major debris from the
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supernatant. The supernatant was appropriately diluted and plated on nutrient plates consisting 
of 0.5% (w/v) tryptone, 0.25% (w/v) yeast extract, and 0.1% (w/v) dextrose. The plates were 
incubated for 24h at 28-30°C. To reveal the positive wells, INT (an iodonitrotetrazolium violet 
solution) was added. Results were interpreted using a MPN calculation module, as described 
by Roy [156], These experiments were carried out on the four biofilters BT1, BT2, BC1 and 
BC2 for C7H8 concentrations of 0.8 and 1.7 gC/m3 and C6H5CI concentrations of 0.08 and 
0.24 gC/m3.
4 .4  Results and discussion
4.4.1 Effect of methane concentration
Figure 4.2 presents the elimination capacity of both methane and toluene as a function of inlet 
load of toluene for the lowest and the highest methane inlet loads, BT1 and BT2 respectively. 
The results show that the concentration of methane influenced the behavior of the toluene on 
methane removal. At a low methane-IL of 16 gC/(m3 h), no significant difference was 
observed in methane-EC which averaged 7.6 ± 0.4 gC/(m3 h), for the whole toluene-IL tested 
from 0 to 46.5 gC/(m3 h). An ANOVA test was performed to analyze the difference of means 
of methane-EC for each toluene-IL. The results of ANOVA test are presented in Table 4.2. 
For a confidence interval of 95%, there was no statistical difference of methane-EC for the 
lowest concentration of methane (BT1) whatever the inlet loads of the toluene (signification 
value superior to 0.05). For the high methane-IL of 6 6  gC/(m3 h), methane-EC was affected by 
the inlet load of toluene as methane-EC decreased from 18 to 1.4 gC/(m3 h) with toluene-IL 
increasing from 0 to 46.5 gC/(m3 h) (Figure 4.2). For BT2, there were significant differences, 
for methane-EC corresponding to the two highest toluene-IL (36.3 gC/(m3 h) and 46.5 gC/(m3 
h)) in comparison to the two lowest toluene-IL (0 gC/(m3 h) and of 9 gC/(m3 h)), with p-values 
below 0.05 (Table 4.2).
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Figure 4.2: Elimination capacity of both methane and toluene as a function of inlet load of 
toluene at methane inlet load of 16 gC/(m3 h) (low-IL : light color) and 66 gC/(m3 h) (high-IL 
: dark color). The dotted line represents the 100% elimination of toluene.
Table 4.2: Results of the multiple comparisons of methane-EC means as a function of the trace
BT1 BC1
c 7h 8-il C7H8-IL Signification’" C6H5C1-IL C6H5C1-IL Signification
0 36.3 0.370 0 3.3 1.000
46.5 0.021 6.7 0.895
9 36.3 0.990 1.2 3.3 0.775
46.5 0.127 6.7 0.237
BT2 BC2
c 7h 8-il C7H8-IL . Signification C6H5C1-IL C6H5C1-IL Signification
0 36.3 0.001 0 3.3 0.007
46.5 0.014 6.7 0.001
9 36.3 0.000 1.2 3.3 0.026
46.5 0.000 6.7 0.005
*The mean difference is significant at 0.05
Figure 4.3 is related to the chlorobenzene-treating biofilters, BC1 and BC2. The elimination 
capacity of both methane and chlorobenzene are presented as a function of inlet load of 
chlorobenzene for the lowest and the highest methane inlet loads. The methane-EC remained 
relatively constant at 5.9 ± 0.4 gC/(m3 h) at methane-IL of 16 gC/(m3 h) whatever the inlet
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load of chlorobenzene was, while the methane-EC decreased from 10.9 ±1.2 gC/(m h) to 4.7 
± 1.3 gC/(m3 h) at the highest methane-IL of 66 gC/(m3 h). The ANOVA test (Table 4.2) 
indicates that no significant difference was noticed for methane-EC for BC1 according to the 
chlorobenzene-IL (alpha value superior to 0.05). For BC2, the methane-ECs corresponding to 
the two highest chlorobenzene-IL (3.3 and 6.7 gC/(m3 h)) were statistically different to the 
case without chlorobenzene and the chlorobenzene-IL of 1.2 gC/(m3 h).
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Figure 4.3: Elimination capacity of both methane and chlorobenzene as a function of inlet load 
of chlorobenzene at methane inlet load of 16 gC/(m3 h) (low-IL : light color) and 66 gC/(m3 h) 
(high-IL : dark color). The dotted line represents the 100% elimination of chlorobenzene.
4.4.2 Effect of toluene on methane biodégradation profile
Figures 4.4a and 4.4b present the conversion of both toluene and methane for each stage of the 
biofilter as a function of toluene concentration for the lowest inlet load of methane of 16
gC/(m h) (BT1).
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Figure 4.4: Toluene (a) and methane (b) removal per stage as a function of toluene
concentration for BT1
In BT1, all the toluene was essentially removed in stages 1 (79 ± 3%) and 2 (20 ± 4%). A 
decrease of methane-RE was observed in the stage 1, from 17 ± 4% to 6 ± 0.5% for toluene 
concentrations varying from 0 to 3.8 gC/m3, respectively. The methane-REs were of 17 ± 2% 
and 21 ± 5% in average for all the toluene concentrations in stages 2 and 3 respectively.
The methane-RE decreased in stage 1 as the toluene-IL increased, because higher amount of 
toluene were removed. As all the toluene was degraded in stages 1 and 2, the methane-RE was 
nearly not affected in stage 3, which may explain the highest methane-RE in this specific
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stage. Whatever the microorganisms present in the biofilter, toluene is an easier substrate to 
degrade than methane as it has a higher solubility. For instance, the dimensionless Henry’s 
constant is 0.27 for toluene and 30.2 for methane in water at 25°C [130], The comparison of 
Henry’s constant is indicative of the solubility level of each compound in water as the lower 
the value is, the more soluble is the compound.
Figures 4.5a and 4.5b show the conversion of toluene and methane for each stage as a function 
of toluene concentration for BT2 (methane-IL = 66 gC/(m3 h)). The effect of toluene 
concentration on methane removal was more pronounced in BT2 than in BT1. The total 
toluene-RE was of 100% for the lowest toluene concentrations of 0.75 and 1.7 gC/m3 and 
decreased to 70% in average for the highest toluene concentrations of 2.8 and 3.8 gC/m3 
(Figure 4.5a). While stage 1 removed most of the toluene, from 97% to 58%, at low 
concentrations of 0.75 and 1.7 gC/m3, the toluene removal was more equally divided between 
the stages at high toluene concentrations, with an average toluene-RE of 23 ± 7% per stage. As 
observed in Figure 4.5b, each stage removed in average 7 ± 1% of methane in the absence of 
toluene for a total conversion of 21%, and no more than 2% of methane was removed for each 
stage for the highest toluene concentration of 3.8 gC/m3 meaning that at high IL of toluene, 
methane biodégradation was inhibited. As a first hypothesis, the mass transfer of both 
compounds from gas to biofilm should be significantly reduced particularly due to the 
accumulation of biomass, suggested by the increase of pressure drop ranging from 0.55 to 3.95 
cmH20/m from day 48 to day 66 (Table 4.4). Another hypothesis could be the presence of by­
products of toluene degradation which could generate toxicity towards methane oxidation. A 
previous study of methane biodégradation in presence of other compounds such as benzene 
and toluene has led to the conclusion of the presence of toxicities towards methane oxidation 
from catechol and phenol, the biotransformation products of benzene and toluene respectively 
[110].
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Figure 4.5: Toluene (a) and methane (b) removal per stage as a function of toluene
concentration for BT2
The influence of aromatic compounds on methane biodégradation had been the subject of 
some studies in relation to the context of landfill biogas [39]. The ratio methane-IL (7.7 
gC/(m3 h)) : trace gas compound-IL, either toluene-IL (0.01 gC/(m3 h)) or benzene-IL (0.03 
gC/(m3 h)), had no significant effect on methane oxidation [160]. The methane-RE was of 77 
± 6%, which corresponded to a methane-EC of 5.8 gC/(m3 h). In batch experiments, benzene 
was found to have toxic effects on methane oxidation, at concentration above 0.04 gC/m3, for 
a methane concentration of 24.2 gC/m3 [39]. The range of concentration ratios, from 280 to
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770 gC-CIVgC-trace gas compound, were much wider than those encountered in the present 
study, from 0.3 to 7.3 gC-CHVgC-CîHg for toluene biofilter experiments. The inhibition effect 
of toluene on methane biodégradation at high inlet loads may be overestimated in the context 
of elimination of landfill biogas as toluene concentration should be lower.
4.4.3 Effect of chlorobenzene on methane biodégradation profile
Figures 4.6a and 4.6b present the conversion of chlorobenzene and methane for each stage as a 
function of chlorobenzene concentration for BC1 (methane-IL =16 gC/(m3 h)) while Figures 
4.7a and 4.7b present the conversion of chlorobenzene and methane for BC2 (methane-IL = 66 
gC/(m3 h)). It should be mentioned that a lag phase from 7 to 20 days occurred both in BC1 
and BC2 for chlorobenzene biodégradation. The values of conversion, presented in the 
following sections for BC1 and BC2 are the average of both chlorobenzene and methane 
conversion when the chlorobenzene degradation was stabilized for each concentration.
In BC1, the lag phase occurred in stage 1 for seven days at 0.08 gC/m3 of chlorobenzene. 
When the chlorobenzene degradation was stabilized, the conversion of chlorobenzene reached 
65 ± 1% in stage 1, 29 ± 1% in stage 2 and 7 ± 1% in stage 3 (Figure 4.6a). At 0.24 gC/m3 of 
chlorobenzene, the conversion decreased and stabilized at 12 ± 3% in stage 1, at 20 ± 3% in 
stage 2 and 11 ± 0% in stage 3. Finally, at 0.48 gC/m3, the conversion decreased to reach 
constant value of 0%, 11 ± 1% and 6 ± 1% in stage 1, 2 and 3 respectively. Meanwhile, the 
degradation profile of methane was relatively constant when the concentrations of 
chlorobenzene varied from 0.08 to 0.48 gC/m3. The three stages removed in average 12 ± 2% 
of methane (Figure 4.6b).
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Figure 4.6: Chlorobenzene (a) and methane (b) removal per stage as a function of 
chlorobenzene concentration for BC1
After 21 days at 0.08 gC/m3 of chlorobenzene in BC2, stage 1 removed 30% of 
chlorobenzene, stage 2 14% and stage 3 0.2% for a total-RE of 44% (Figure 4.7a). The global 
chlorobenzene-RE increased to 77% for 0.24 gC/m3 of chlorobenzene (24%, 31% and 22% of 
conversion in average in stages 1, 2 and 3), and decreased to 30% for the highest 
chlorobenzene concentration of 0.48 gC/m3 (6%, 8% and 16% of chlorobenzene-RE for each 
stage). Concerning methane, the initial removal of methane without chlorobenzene was 6 ± 
0.5% for each stage and decreased progressively with the increasing chlorobenzene
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concentration. For the highest concentration of chlorobenzene of 0.48 gC/m3, only 2 ± 0.5% of 
methane was removed from each stage for a total conversion of 6% (Figure 4.7b).
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Figure 4.7: Chlorobenzene (a) and methane (b) removal per stage as a function of 
chlorobenzene concentration for BC2
Two main assumptions should be considered concerning the degradation of chlorobenzene. 
The cometabolism properties of methane-oxidizing bacteria could result in both the 
degradation of chlorobenzene and methane. Indeed, methanotrophic bacteria are well known
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to co-oxidize various halogenated compounds, most particularly trichloroethylene (TCE) [6, 
17, 35] but inhibition may occur from the presence of cometabolic substrates and chlorinated 
compound product toxicity [7]. However, the biofiltration of methane in presence of a 
chlorinated compound like trichloroethylene, dichloromethane or vinyl chloride was more 
widely studied than aromatics [4, 39,160, 163], In these previous studies, the biodégradation 
of methane was negatively impacted. Competitive and uncompetitive inhibitions were found 
to describe the behavior of dichloromethane and trichloroethylene on methane removal [4, 39] 
while vinyl chloride may present toxic effect [160]. In batch experiments, for an initial 
methane concentration of 24.2 gC/m3, concentration of 0.011 gC/m3 of trichloroethylene and 
0.006 gC/m3 of dichloromethane decreased the methane oxidation rate of 80% and 90% 
respectively, in comparison to methane alone [39]. In column experiment, the ratio methane- 
IL (7.7 gC/(m3 h)) : vinyl chloride-IL (0.004 gC/(m3 h)) had a significant effect on methane 
oxidation [160], The methane-RE was of 35 ± 3%, which corresponded to a methane-EC of
2.7 gC/(m3 h). The range of concentration ratios, from 2000 to 4400 gC-CHVgC-chlorinated 
compound, were also wider than those encountered in the present study, from 2 to 54 gC- 
CH^gC-CôHsCl for chlorobenzene biofilter experiments. Secondly, the development of 
specific chlorobenzene-degrading bacteria should not be forgotten. The presence of lag phase 
in certain stages, as stage 1 for example, may support this assumption.
As noticed by Delhoménie et Heitz [53], there is an influence of the presence of a halogen 
atom on the aromatic ring which tends to disturb the microbial degrading activity. This may 
explain the different behaviors observed between the two trace gas compounds, toluene and 
chlorobenzene. Inlet loads of toluene were broadly higher than the ones for chlorobenzene, 
and the elimination capacity were distinctly superior for the methylated aromatic compound 
(46.5 gC/(m3 h) for BT1 and 31.3 gC/(m3 h) for BT2) than the halogenated aromatic 
compound (2 gC/(m3 h) for BC1 and BC2).
4.4.4 Carbon dioxide production
According to the stoechiometric reactions, considering that biomass is not generated, the 
mass-ratio of CO2 produced to the amount of either methane, toluene or chlorobenzene 
degraded should be 2.75, 3.34 and 2.35 respectively for complete oxidation of these pollutants 
to CO2 and water (H2O).
62 CHAPITRE 4
When biomass is taken into account, the stoechiometric reactions (the biomass formula was 
chosen as C5H7NO2 , [8 ], are as follows:
aCHA + b02 + cNaNQ —» Cs Hn N 02 + dH2 0+  eC02 + salts (4.5)
a, C1Hg+bl0 2+ c, NaNQ —» C5 H2 N 02 + dlH20+  e, C02 + salts (4.6)
a2C6H5Cl+b20 2 + c2NaNQ  —> Ci H1N 01 + d2H20+  e2C02 + f2HCl+ salts (4.7)
The experimental mass ratio of PCCh/total EC is defined as the carbon dioxide yield 
coefficient (YC02). Table 4.3a presents the results obtained from the linear regression of 
PCO2 as a function of the total EC (C?Hg + CH4) for BT1 and BT2; Table 4.3b presents YC02 
for BC1 and BC2 as a function of the total EC (CôHsCI + CH4).
The variation of PC02 as a function of total EC was linear in the case of the mixture of toluene 
and methane (r2 of 0.96 and 0.85 for BT1 and BT2). The values of YCO2 varied from 2.40 to
3.03 gC02/gC for BT1 and BT2 respectively for toluene-IL ranging from 0 to 46.5 gC/(m3 h). 
The difference between BT1 and BT2 lies in the amount of carbon removed. A higher ratio 
was obtained for BT2 as both PCO2 and total EC reached a plateau (93 gC02/(m3 h) and 31 
gC/(m3 h) respectively) for toluene-IL varying from 23.1 to 46.5 gC/(m3 h), while for BT1, a 
linear increase of PCO2 and total EC were noticed. The values of YCO2 obtained in the 
present study are in the range of those reported by Gallastegui et al., [70] (YCO2 of 2.41 
gCCVgC for toluene removal in an inorganic biofilter). Monitoring C 0 2 production is useful 
to determine the level of mineralization of toluene and methane. However, the amount of C 0 2 
produced by each compound was not determined in the present study.
Table 4.3: Results of the linear regression of PC02 as a function of total EC for a) BT1, BT2 
____________________________ andb) BC1, BC2____________________________
a) Toluene b) Chlorobenzene
Biofilter YC02 r2 Biofilter YCO2 r1
BT1 2.40 0.96 BC1 1.70 0.41
BT2 3.03 0.85 BC2 2.17 0.68
For the mixture of methane and chlorobenzene, a mineralization of the compounds was noted 
as the values of YC02 varied from 1.70 to 2.20 gC02/gC for BC1 and BC2 (Table 4.3b). 
However, r2 values were as low as 0.41 and 0.68 for BC1 and BC2.
For BC1, the pH of the leachate dropped from 8.05 ± 0.03 at day 19 to 7.14 ± 0.14 at day 44 
while it was at 8.21 ± 0.06 for the nutrient solution. A similar trend was noticed for BC2, the
63
pH of the leachate decreased from 8.35 ± 0.15 at day 2 to 6.93 ± 0.04 at day 32. This pH 
variation may support the assumption that there was the loss of the chlorine atom of 
chlorobenzene forming hydrochloric acid (HC1).
4.4.5 Evolution of the pressure drop
The pressure drop (AP), measured at the beginning and at the end of each experiment, are 
presented in Table 4.4 as the initial -  final values. Pressure drop of BT1 never exceeded 0.03 
cmH20/m while the toluene concentration was varied from 0.8 to 3.8 gC/m3. Nematodes were 
noticed in stages 1 and 2 of the biofilter. The nematodes are known for their ability to reduce 
the excess of microbial biomass accumulation and have even been reported in toluene-treating 
biofilter [106,107]. The low AP was consistent with the high toluene conversion rate observed 
during all the experimentations. Previous experiment with a toluene-treating biofilter reported 
that AP may have an impact on toluene removal efficiencies [51]. Therefore, bed-water 
washing was carried out by the authors to prevent the formation of excessive biomass.
Table 4.4: Initial and final pressure drop of the biofilters
Biofilter Period
(days)
[C7H81
(gC/m)
Pressure drop 
(cmH20/m)
BT1 1-20 0.8-3.8 0.01-0.03
BT2 7-26 0.8 0.08-0.14
27-47 1.7 0.15-0.50
48-66 2.8 0.55-3.95
184-209 3.8 0.09-0.27
fC6H5Cl] (gC/m3)
BC1 19-107 0.08-0.48 0.05-0.07
BC2 2-147 0.08-0.48 0.05-0.09
In BT2, high AP were noticed when the toluene concentration increased from 0.8 to 3.8 
gC/m3. The AP slowly increased from 0.08 to 0.14 cmH20/m and from 0.15 to 0.50 cmH20/m 
for 0.8 and 1.7 gC/m3 of toluene concentration respectively. However, the AP of BT2 
increased as high as 3.95 cmH20/m for toluene concentration of 2.8 gC/m3. A backwash 
decreased the AP to 0.09-0.27 cmH20/m  for the last toluene concentration tested of 3.8 gC/m3. 
The presence of AP as high as 3.95 cmH20/m at 2.8 gC/m3 of toluene induced a reduction of 
the toluene removal of 28% from the toluene concentration of 1.7 gC/m3 and therefore a
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reduction of the methane removal of 56%. Several factors may explain the occurrence of high 
AP, such as the characteristic of packing material and the formation of excessive biomass [54]. 
The high AP in BT2 may be explained by the fact that at high inlet concentrations of 
pollutants, there was an increase of both cell growth rate and biomass accumulation which led 
to higher biofilm thickness and therefore higher AP [94]. It should be noticed, however, that 
toluene-treating biofilter are known to be affected by the formation of excessive amounts of 
biomass and to undergo a decrease in pollutant removal as the AP increases [94,129, 157].
The AP of BC1 and BC2 remained as low as 0.09 cndHhO/m during all the experiments (Table 
4.4). No visible biomass was observed in the filter beds. This is coherent with the study of 
Wang et al., [199] where a biomass accumulation of 0.059 kg was obtained after 213 days of 
biofilter operation. The authors assumed that this relatively low biomass accumulation was 
due to the low inlet organic loading of chlorobenzene which varied from 8 to 57 gC/(m3 h). 
However, it contrasts with the study of Delhoménie et Heitz [53] where a visible dark biofilm 
was observed and the calculated biomass yield coefficient was 0.2 gBiomass 
produced/gChlorobenzene removed for a chlorobenzene-IL varied up to 122 gC/(m3 h), much 
higher than the one used in this study.
4.4.6 Effect of trace gas compounds on microbial population
Figure 4.8 presents the log of the average colony forming units (CFU) per gram of the wet 
weight of the packing material as a function of the total inlet carbon concentration for both the 
toluene and chlorobenzene-treating biofilters. A decrease of the CFU was noticed in the case 
of the toluene biofilter as the total inlet concentration increased from 1.1 to 6.0 gC/m3 while it 
remained constant for the chlorobenzene biofilter. High concentrations of pollutants may 
result in a decrease of the bacterial density as reported by Alvarez-Homos et al., [9] in a 
toluene-treating biofilter. Concerning the chlorobenzene-treating biofilter, the CFU 
development seems to be limited, most probably due to the characteristic of the not-easily 
biodegradable chlorobenzene and not by the increase of the inlet carbon concentration.
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Figure 4.8: Logarithm of the average Colony Forming Unit of the entire biofilter as a function 
of the inlet carbon concentration for the toluene-treating biofilter (circle) and the 
chlorobenzene-treating biofilter (triangle)
The comparison of the degradation profile of toluene and methane per stage to the total 
microbial count (MPN) for each section is presented in Table 4.5. In the case of toluene- 
treating biofilter, the highest density always occurred in stage 1, from 1.75 x 106 to 6.24 * 106 
C F U / g w e t  w e ig h t for BT1 at 1.7 and 0.8 gC/m3 of toluene respectively. For BT2, the MPN varied 
from 1.78 * 104 to 1.71 * 105 CFU/gwet w e ig h t for all the concentrations tested. Meanwhile, the 
conversion of toluene in stage 1 was the highest, from 78% to 83% for BT1, and from 58% to 
97% for BT2. The variation of MPN is less pronounced in stages 2 and 3. No relationship is 
noticeable between methane-X and MPN for each section.
Concerning the chlorobenzene-treating biofilter, the MPN of each section remained in the 
same order of magnitude varying from 6.87 * 103 to 9.27 * 104 CFU/gWBt weight- No relation 
between the degradation of chlorobenzene or methane and the microbial density was observed.
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Table 4.5: Total microbial count for each stage and the corresponding conversion (X) of
toluene, chlorobenzene and methane per stage for BT1, BT2 and BC1, BC2
[C7Hg] = 0.8 gC/m3 [C7H8] = 1.7 gC/m
BT1 Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3
MPN* (CFU/g) 6.24 x 10° 2.03 x 10* 1.20 x 103 1.75 x 10° 1.26 x 10b 1.97 x 103
X C 7H8(%) 83 15 1 78 21 1
x c h 4(%) 10 19 18 9 17 22
BT2 Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3
MPN (CFU/g) 1.71 x 10* 5.05 x 103 2.12 x 104 1.78 x 104 1.08 x 104 1.07 x 104
X C 7H8 (%) 97 3 0 58 36 5
XCH4(%) 5 7 7 3 5 8
[C6HsC1] = 0.08 gC/m3 [C6H5C1] = 0.24 gC/m3
BC1 Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3
MPN (CFU/g) 1.26 x 104 1.67 x 104 6.87 x 103 9.27 x 104 2.88 x 104 1.39 x 104
X C6H5C1 (%) 65 29 7 12 20 11
XCH4(%) 9 14 13 11 13 12
BC2 Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3
MPN (CFU/g) 2.43 x 104 1.42 x 104 4.22 x 104 1.86 x 104 1.19 x 104 1.19 x 104
X C6H5C1 (%) 30 14 0.2 24 31 22
XCH4(%) 3.7 4.7 4.5 4.4 4.4 3.4
* MPN : Most Probable Number
4.5 Conclusion
Chlorobenzene and toluene were added separately as trace gases to methane-treating upflow 
biofilters, for inlet loads of methane of 16 and 66 gC/(m3 h). The conversion of methane were 
not changed by the trace gas for the lowest inlet load of methane while the methane 
conversion rate dropped from 22% to 2% for the toluene-treating biofilter and from 17% to 
6% for the chlorobenzene-treating biofilter for the highest inlet load of methane. The analysis 
of biodégradation profile for each compound showed that toluene was removed in priority in 
both the bottom and middle sections, thereby limiting the degradation of methane in the same 
sections. The occurrence of high pressure drop in the toluene biofilter with the highest inlet 
load of methane was correlated with the decrease of both methane and toluene elimination
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performance for the highest inlet loads of toluene. No pressure drop occurred in the 
chlorobenzene-treating biofilter, but the elimination performance of chlorobenzene was low. 
The toluene biofilter with the low methane-IL of 16 gC/(m3 h) (BT1) obtained the best results 
in comparison to the other toluene biofilter with the high methane-IL of 66 gC/(m3 h) (BT2) 
and both chlorobenzene biofilters (BC1 and BC2). The average colony forming units of BT1 
was 98% superior to the average of the three other biofilters.
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Titre français : La cinétique de la biofiltration simultanée du méthane et du toluène sur un lit 
filtrant inorganique 
Contribution au document :
Cet article approfondit la qualification et la quantification des interactions du mélange 
méthane / toluène dans un biofiltre à lit filtrant inorganique. Les expériences en batch couplées 
à l’opération du biofiltre ont permis d’obtenir des données quantitatives sur différents 
paramètres cinétiques tels que le taux de croissance maximal, la constante de demi-saturation 
et la constante d’inhibition.
Résumé :
La biofiltration du méthane en présence de toluène a été étudiée afin de déterminer son effet 
sur les paramètres micro-cinétiques et macro-cinétiques sur la biodégradation du méthane dans 
un lit filtrant inorganique. Deux concentrations de toluène ont été testées, 0.7 et 3.4 gC/m3, et 
comparées au cas de l’absence de toluène. L’analyse de la micro-cinétique a été effectuée à 
l’aide du modèle de Monod, complétée d’un terme traduisant l’inhibition potentielle du 
toluène, tandis que le modèle de Michaelis-Menten a été utilisé dans le cas de la macro­
cinétique, également complété d’un terme pour l’inhibition. Les taux de croissance spécifiques
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du méthane (pCFL) sont relativement proches, pour des concentrations en toluène de 0 et 0.7 
gC/m3 (0.759 et 0.698 j ' 1 respectivement). Celui-ci ((1 CH4 ) chute à 0.211 j ' 1 pour la plus forte 
concentration de toluène de 3.4 gC/m3. La capacité d’élimination du méthane suit également la 
même tendance décroissante que pCÜ4 , passant de 37.1 à 5.8 gC/(m3 h) lorsque la
concentrtaion de toluène augmente de 0 à 3.4 gC/m3. Une baisse d’affinité des
microorganismes envers le méthane a été constatée, à la fois pour la micro et la macro­
cinétique, les constantes de demi-saturation, Km et Ks, diminuant de 4.0 à 0.5 gC/m3 et de 4.7
à 1.7 gC/m3 respectivement.
Note : En préambule, une revue de littérature concernant la modélisation et la cinétique, soit 
sur la biofiltration du méthane seul, soit sur la biofiltration de mélanges quelconques, est 
présentée afin d’éclaircir la problématique.
Préambule
L’établissement de modèles mathématiques est nécessaire pour mieux comprendre les 
mécanismes intervenant à l’intérieur d’un biofiltre. Ils permettent entre autre d’obtenir des 
prédictions des phénomènes inhérents à la biofiltration et réaliser des extrapolations pour 
exploiter ce traitement à une échelle pilote et/ou industrielle. Pour obtenir ces modèles, il faut 
au préalable déterminer l’influence des principaux paramètres décrits dans le chapitre 2 , 
paragraphe 2.6 Main parameters for methane biofiltration (débit, concentration des polluants, 
température, humidité, etc.). Les études cinétiques contribuent à l’obtention des modèles 
mathématiques en déterminant le taux de dégradation des polluants lors de la biofiltration. Ce 
préambule a pour objectif de décrire brièvement les mécanismes opérant lors de la biofiltration 
de différents polluants et de recenser les quelques études cinétiques et de modélisation sur la 
biofiltration du méthane.
Mécanismes de la biofiltration
Un biofiltre est considéré comme un bio-réacteur à 3 phases : gaz-liquide-solide au sein 
duquel interviennent de nombreux phénomènes complexes. Les principaux mécanismes 
décrits lors de la biofiltration sont les phénomènes d’advection, de dispersion, le transfert de 
phase simultané de l’oxygène et des contaminants de la phase gazeuse au biofilm ainsi que le
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transfert depuis le biofilm du polluant résiduel et des produits de transformation vers la phase 
gazeuse, la biodégradation microbienne au sein du biofilm, ainsi que l’adsorption sur le 
support solide [54, 56]. Une des premières considérations pour la modélisation concerne le 
flux. Celui-ci est assimilé dans la plupart des cas à un écoulement piston idéal unidirectionnel 
[182, 210] dans lequel est décrit le phénomène d’advection dans la direction axiale [56]. Le 
phénomène de dispersion est quelque fois pris en compte dans les modèles dans le cas de la 
dispersion axiale [85], particulièrement dans le cas de biofiltres opérant à de très fortes 
charges avec des temps de rétention relativement court de quelques secondes [85].
Le mécanisme de transfert de phase des polluants gazeux au biofilm est basé sur le phénomène 
de diffusion unidirectionnel traduit par la loi de Fick pour les mélanges binaires [56, 73, 122] 
selon l’équation 5.1 :
dans laquelle Cbf est la concentration du polluant dans le biofilm (mol/m3), t est le temps (s), 
Dbf est le coefficient de diffusion du polluant dans le biofilm (m2/s) et x est la coordonnée 
perpendiculaire à la surface du biofilm (m).
Dans le cas d’un mélange plus complexe, les équations de Stefan-Maxwell constituent une 
approche plus rigoureuse [48,164] :
avec P correspondant à la pression totale (Pa), R la constante des gaz parfaits (J/(mol.K)), T 
est la température (K), N le flux molaire total (mol/(m2 .s)) et y la fraction molaire. Dÿ 
correspond au coefficient de dispersion d’un mélange binaire constitué des composés i et j.
La loi de Henry est communément admise pour déterminer la concentration des polluants à
solubles dans l’eau [56,122]. Dans le cas contraire, Mosheni et Allen [131] ont développé une 
nouvelle approche pour déterminer le coefficient de partition air/biofilm, et non plus air/eau,
N j j  -  N j y ,
DtJ
(5.2)
l’équilibre à la surface du biofilm lorsque les composés à traiter sont biodégradables et
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d’un composé pratiquement insoluble, le pinène, mais toutefois très bien éliminé lors de sa 
biofiltration. Pour cela, ils se sont aidés de la méthode de Mackay [120], utilisée pour 
déterminer le coefficient de partition organique carbone/eau (KoC). Cette approche a pour 
conséquence de prendre en compte la fraction des lipides et des matières organiques présents 
dans le biofilm comme acteurs de la biodégradation de composés insolubles.
Mécanismes biologiques -  Cinétiques à substrat simple
Les réactions biologiques de dégradation sont de loin les phénomènes principaux de la 
biofiltration. Il est assumé qu’elles ont exclusivement lieu dans le biofilm en parallèle avec le 
développement de la biomasse. Traditionnellement, les équations cinétiques de Monod sont 
utilisées pour décrire la croissance des microorganismes en fonction de la concentration de 
biomasse existante et de la concentration en polluants [55,182, 186].
M= M™'Cbr (5.3)
Ks + Cbr
Elles permettent de déterminer les paramètres tels que le taux de croissance microbienne 
maximal (pma exprimée en s'1), la constante de Monod ou de demi-saturation (Ks, mol/m3), 
qui ne sont cependant pas universels, mais caractéristiques de chaque étude de biofiltration 
[56]. Certaines études utilisent les équations cinétiques de Michaelis-Menten pour la catalyse 
enzymatique d’une réaction par un substrat unique [47, 72, 210].
Des équations modifiées du modèle de Monod sont utilisées dans certains modèles pour 
quantifier les effets de la limitation d’oxygène ou encore des nutriments comme le modèle de 
Haldane [211]. Le modèle de Haldane est généralement utilisé lorsque le modèle de Monod 
présente des limites quant à la concentration du substrat lui-même [15, 55, 56, 186]. Ce 
modèle, (5.4), introduit la quantification de l’effet de l’inhibition du substrat sur lui-même due 
à sa concentration avec la constante d’inhibition K[ (mol/m3).
f^ n o x ^ 'b f
Kç + Chf +-
M = -------------- ^ 5 -  (5-4)
C  bf
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La croissance de la biomasse est un phénomène non négligeable notamment lors de la
croissance du biofilm en fonction de son épaisseur, trois termes apparaissent dans l’expression 
de la croissance de la biomasse. La fraction considère la croissance nette des 
microorganismes, le deuxième terme (b) représente la constante de mortalité tandis que le 
troisième ((3 b) prend en compte la biomasse inactive avec (3 la constante d’accumulation de la 
biomasse inactive [56].
Quelques études ont pris en compte la part de la biomasse morte et inactive dans la 
modélisation de la biofiltration de composés organiques dans un régime transitoire [50, 174].
traitant les données à l’aide d’un automate cellulaire tandis que Delhoménie [50] a utilisé un 
code informatique FORTRAN.
Cinétiques substrats multiples
La présence de plusieurs composés à éliminer dans un biofiltre complexifie la cinétique et la 
modélisation d’un tel système. Au niveau enzymatique, plusieurs types d’inhibition ont été 
décrits pour qualifier et quantifier l’effet de la présence d’un substrat, dit inhibiteur, en plus du 
substrat à dégrader initialement. L’inhibition la plus commune est dite compétitive, 
l’inhibiteur se lie au site actif de l’enzyme et, par conséquent, empêche la fixation du substrat 
à l’enzyme. Sa traduction mathématique est montrée dans l’équation 5.6.
biofiltration à long-terme. Le colmatage apparaît comme une contrainte significative et 
modifie l’efficacité de l’élimination des polluants. Selon l’équation 5.54 caractérisant la
(5.5)
Song et Kinney [174] ont résolu l’intégrale en divisant le biofilm en plusieurs couches et en
max bf (5.6)
4 X«t est la densité de biomasse, Cbf est la concentration dans le biofilm, L est l’épaisseur du biofilm
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Un autre type d’inhibition se nomme incompétitive (équation 5.7). Dans ce cas ci, l’inhibiteur 
se lie au complexe formé entre l’enzyme et le substrat, produisant un complexe inactif.
H = Mmax ^ b f
KM + 1+
(5.7)
L’inhibition non compétitive (équation 5.8) se décrit par la fixation aléatoire de l’inhibiteur 
soit à l’enzyme, soit au complexe substrat-enzyme.
Mtmx ^ b f
1 +
M =
m
K,
Km + Cu
(5.8)
La cométabolisation (équation 5.9), modélisée par Chang et al., [34] est une interaction à part 
entière. Cette interaction est à considérer lorsqu’un cosubstrat présent dans le système 
n’intervient pas dans la croissance des microorganismes, mais nécessite la présence d’un 
substrat favorisant la croissance (sous entendue microbienne), pour être biodégradé.
dC,CoS
dt
dCcs( \
dt \ X ) )
'CoS
K c +C,CoS
X (5.9)
dans laquelle Cc0s et Cos sont les concentrations du cosubstrat et du substrat permettant la 
croissance respectivement (mol/m3), Kscos est la constante de demi-saturation du cosubstrat 
(mol/m3) et Tcg est la capacité de transformation du substrat permettant la croissance 
(molos/molos).
Études cinétiques pour un substrat méthane, toluène
La biofiltration du méthane a fait l’objet de quelques études cinétiques soit avec le modèle de 
Monod [55, 182], soit avec les équations de Michaelis-Menten [47, 72, 210]. Des modèles 
mathématiques pour modéliser le transport à une dimension et la dégradation biologique du
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méthane ont également été développés pour les régimes statiques5 [143, 182] mais aussi en 
régime dynamique établi (permanent) [48, 210]. Ils prennent en compte les processus 
physiques et chimiques décrits précédemment comme les phénomènes d’advection, de 
diffusion, de transfert de masse et des réactions biologiques de dégradation. Tous les modèles 
s’accordent quant à l’importance du contrôle de la température et du taux d’humidité dans les 
biofiltres pour l’oxydation du CH4.
Parmi les différents modèles, il a été mis en évidence l’importance de considérer l’action d’un 
double substrat CH4  et O2 pour une meilleure précision du modèle [48, 182] ainsi que le 
régime d’étude (dynamique ou statique). En effet, un modèle statique va induire une erreur en 
considérant que le profil des bactéries méthanotrophiques reste constant alors qu’un modèle 
dynamique en régime établi le considère comme dépendant du flux du gaz émis à traiter et 
d’autres facteurs [48]. Aucune étude à notre connaissance n’a rapportée l’utilisation d’un 
coefficient de partition modifié prenant en compte l’interface air/biofilm comme le 
préconisaient Mosheni et Allen [131]. Ce fait a été cependant évoqué dans les limites du 
modèle proposé par Nikiema et al., [143].
La biofiltration du CH4 a fait l’objet de beaucoup d’études ces dernières années et les 
paramètres importants à prendre en considération sont bien documentés (cf : Chapitre 2). 
Quelques modèles mathématiques ont été développés à ce jour, soit de nature empirique, soit 
basé sur des mécanismes physiques, chimiques et biologiques. Une revue de littérature 
effectuée par Scheutz et al., [164] a relevé une dizaine de ces modèles basés sur les 
mécanismes [48,182] en plus de modèles empiriques [147].
La biofiltration du toluène et sa cinétique de biodégradation ont été également beaucoup 
étudiées [15, 51, 52, 185]. En outre, Li et De Visscher [113] ont modélisé la biofiltration du 
toluène en utilisant le modèle développé par De Visscher et Van Cleemput [48] pour la 
biofiltration du CH4 . Ce modèle montre que le taux de dégradation maximal (VmaX) n’est pas 
constant dans un biofiltre et prend en considération une valeur maximale de VmaX, appelée 
Vmax.max- Cependant, ce modèle ne tient pas compte de la nature exacte des facteurs limitants
5 Le m odèle statique est défini ici selon sa notification dans l'article de De Visscher e t Van Cleemput [48], c-à-d, 
que le calcul des paramètres du m odèle est établi avec, com m e hypothèse, que le profil des activités 
microbiennes (dans le cas échéant de l'activité des m éthanotrophes) est CONSTANT, quelque soit la charge 
d'entrée en polluant ou la présence d'autre facteurs.
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possibles. Le toluène n’a pas fait l’objet d’une recherche exhaustive à l’image du méthane, 
n’étant pas considéré comme le composé principal dans cette étude.
Les études cinétiques de la biofiltration de CH4 en présence d’autres composés sont moins 
nombreuses que la cinétique du CH4 en tant que substrat principal, et, ont pour une grande 
partie d’entre elles, déjà été discutées dans le chapitre 2, dans les sections 2.5.2 et 2.7.
Ce chapitre 5 analyse les interactions possibles entre le méthane et le toluène et la 
modélisation de ce mélange.
THE DETERMINATION OF KINETIC PARAMETERS OF A BIOFILTER 
PACKED WITH INERT MATERIAL TREATING SIMULTANEOUSLY 
METHANE AND TOLUENE
5.1 Abstract
The biofiltration of methane in presence of toluene was studied to determine its effect on the 
microkinetic and macrokinetic parameters of methane biodégradation using an inorganic filter 
bed. Two concentrations of toluene were tested, 0.7 and 3.4 gC/m3, and compared with the 
case of methane biofiltration alone. A micro-kinetic analysis was performed, using a Monod- 
type expression in addition to the expression of inhibition. The macrokinetic approach was 
carried out in the same way, using the Michaelis-Menten type model plus inhibition. The 
specific growth rates of methane (pCKU) for the cases of no-toluene and the lowest toluene 
concentration of 0.7 gC/m3, were relatively close 0.759 and 0.698 d'1, respectively. The 
specific growth rates of methane dropped to 0 . 2 1 1  d' 1 for the highest toluene concentration of 
3.4 gC/m3. The maximum elimination capacity of methane followed the same tendency as it 
decreased from 37.1 to 5.8 gC/(m3 h) when toluene concentration increased from 0 to 3.4 
gC/m3. A loss of affinity toward methane was observed for both kinetics as the half-saturation 
constants, either Km or Ks decreased from 4.0 to 0.5 gC/m3 and from 4.7 to 1.4 gC/m3 
respectively.
5.2 Introduction
Methane (CH4) emissions are of wide concerns as they contribute to the green house gas 
(GHG) effect. The global warming potential of CH4 is 25 times higher than the one for carbon 
dioxide (CO2) based on a 100-year time horizon [172] which ranks CH4 at the second place 
after CO2 for the GHG effect. Anthropogenic emissions of CH4 in Canada were mainly 
released by the energy sector (51%), agriculture (24%) and landfills (20%) in 2008 [64], 
Landfills contributed to about 3% of the total GHG emissions in Canada, and 18% worldwide 
[27].
The elimination of CH4 emissions from landfills by biofiltration has been underlined as an 
adequate treatment in the case of small and old landfills [164]. Although CH4 and CO2 (50:50 
% v/v) are the predominant compounds found in biogas from landfills, a few hundreds of non­
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methane organic compounds (NMOCs) have been identified up to a total concentration of 1% 
v/v [159]. As reported recently by Ménard et al., [127], several families of compounds such as 
alkanes, alkenes, aromatics, chlorinated compounds, hydrochlorofluorocarbons and terpenes 
have been detected in a wide range of concentrations in biogas. Toluene (C7H8) is one of the 
most identified compounds in a large range of concentrations in various biogas sample 
campaigns [40,159,189].
The bio-oxidation of CH4 in landfills is carried out mainly by the methanotrophs, the CH4- 
degrading bacteria [77], Methane is transformed successively in methanol (CH3OH), 
formaldehyde (HCHO) and eventually in CO2 and water (H2O). One particular property of 
methanotrophs lies in co-metabolism as shown by several authors [77, 80, 136], Therefore, in 
addition to CH4 removal, a proper management of biogas biofiltration may result also in the 
reduction of some trace constituents of the NMOCs [4],
The properties of methanotrophs are highlighted by the presence of the enzyme CH» 
monooxygenase (MMO) which catalyzes the oxidation of CH4 in CH3OH. The MMO enzyme, 
either found in a soluble form (sMMO) or in a particulate form (pMMO), owns a broad range 
of substrate specificity [77]. The pMMO is able to co-oxidize alkanes up to C-5 [169] while 
the sMMO will co-oxidize a larger variety of compounds such as alkanes (Ci to C5), alkenes 
(ethane or propene), esters (dimethyl ester, diethyl ester) or aromatics (benzene, toluene, 
styrene) [42] without forgetting the chlorinated aliphatics and trichloroethylene [4,6 , 7].
The presence of co-metabolic substrate in addition to the growth substrate can result in a 
competition for the active site of the oxygenase enzymes as reported by Alvarez-Cohen et 
Speitel [7], which may induce a decrease of the transformation rate of both substrate and co­
substrate or enzyme inhibition. The occurrence of many various NMOCs in biogas may affect 
the bio-oxidation of CH4  in biofilters.
Originally, kinetic and analysis of interaction between CH4 and volatile organic compounds 
(VOCs) degradations were performed thanks to pure cultures like Methylococcus capsulatus 
Bath [179] or Methylosinus trischosporium OB3b [17,41], However, recent kinetic studies are 
more based on CH4  grown consortia with environmental samples from landfill cover soil or 
biofilter [39,160] or compost biofilter [4],
The kinetic parameters for single substrate are usually determined by either Monod type 
model or Haldane type model for the micro-kinetics [16, 55]. Equivalent kinetics based on
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Michaelis-Menten type models or Haldane type models are used to develop macrokinetics 
analysis [15, 70, 84, 200]. The presence of another substrate, such as C7H8 , means that an 
appropriate model should be sought to better correlate the effect of a so-called inhibitor, C7H8 , 
to the main substrate, CH4, to remove.
The aim of this study was to analyze and quantify the effect of C7H8 as a particular trace gas 
compound on the bio-oxidation of CH4 in an inorganic filter bed. To accomplish this study, 
both a micro-kinetic and a macrokinetic approach have been conducted. The micro-kinetic 
analysis allows determining the kinetic parameters of CH4 for the microbial growth and to 
compare them to a previous study led with similar conditions with CH4 only [55]. The 
macrokinetic approach leads to a more global analysis of the behavior o f  the biofilter as a 
function of both the concentration of CH4 and C7H8 [186], To our knowledge, there are not 
studies of macrokinetics of CH4 and C7Hg biodégradation processes as a mixture in a biofilter.
5.3 Materials and Methods
5.3.1 Experimental set-up and operating conditions of the continuous biofilter
The experimental set-up has been previously shown by Ménard et ai, [128]. The experiments 
were carried out on four biofilters to evaluate the influence of two concentrations of C7H8 : 0.7 
and 3.4 gC/m3 (200 and 1000 ppmv respectively) on four concentrations of CH4: 1.0, 2.5, 3.4 
and 4.4 gC/m3 (2000, 5000, 7000 and 9000 ppmv respectively). The biofilters were all 
operated under the same inlet air flow rate of 0.25 m3/h. A nutrient solution (NS) was applied 
daily to each biofilter with a rate of 1 L/day. The detailed composition of the NS for 
macronutrients and micronutrients is described elsewhere [126],
Each biofilter was started-up with CH4 only at each concentration mentioned above for about 
20 to 30 days prior to the introduction of C7H8 . Then, the biofilters were operated 7 to 15 days 
at the desired concentrations of C7H8 , either 0.7 or 3.4 gC/m3. The biofilters were operated in a 
continuous mode, in order to supply the biomass samples for the kinetic experiments as 
described later.
5.3.2 Analytical method
Methane and C7H8 concentrations were measured along the biofilter at the four sample ports 
by means of a total hydrocarbon analyzer (FIA-510, Horiba, USA). The concentration of C7H8 
was determined by subtracting the concentration of CH4 measured alone to the total
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concentration analyzed originally. The CO2 concentrations were analyzed with a portable gas 
analyzer system (Ultramat 22P, Siemens AG, Germany). The measured CO2 concentrations 
accounted for both the production of CO2 by CH4  and C?Hg oxidation.
5.3.3 Parameters for analyzing biofilter performance
The performance of a biofilter is expressed in terms of the inlet load IL of the compound i 
(gi/(m3 h)), the elimination capacity E C i (&/(m3 h)), the removal efficiency R E j (%), and the 
C 02 production rate PCO2 (gCCVtm3 h)) as shown below:
I L r % ^  (5.10)
*bed
E C p  (5.11)
''bed
REp 100*Cj'n Ci'ou‘ (5.12)
Cljn
( ^ C O p ,  CCO?,, ) * Q
PC02 = ----------------- ^ ------  (5.13)
^bed
where Q is the total air flow rate (m3/h), Vbed is the packing bed volume (m3), Ci.in and Ci,out are 
the inlet and the outlet concentration of the compound / respectively (gC/m3), Cco2 ,in and 
Cco2,outare the CO2 inlet and outlet concentration (gCCVOn3 h)).
5.3.4 Micro-kinetics protocol
The protocol for micro-kinetics was based on the procedure developed by Delhoménie et al., 
[55] for solid extracts. Batch experiments were conducted in thermostated (25°C) bioreactors 
which consisted in modified-pyrex bottles of 0.6 L put in a controlled temperature bath 
(Julabo, model P, Germany). The biomass samples were extracted from each section bed of 
the biofilter tested and introduced into the bioreactor. An amount of approximately 7 g of 
packing material was sampled equally divided between the three sections of the biofilter.
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Once CH4 was introduced into the reactor, the kinetic test started and the headspace gases 
were regularly sampled by means of a gastight syringe (100 pL, Hamilton) through a septum. 
The concentrations of CH4, CO2 and C7H8 were analyzed with a gas chromatograph coupled to 
a mass spectrometer (GC Varian CP-3800, 1200 Quadrupole MS, USA) equipped with a CP- 
PoraBOND Q column (25 m, 0.53 mm, USA). At the end of the experiment, the sample of 
biomass was retrieved from the reactor to determine the final dry biomass weight as described 
by Avalos Ramirez et al, [16].
5.3.5 Determination of micro-kinetic constants
The Monod model is commonly used to describe the microbial growth kinetics in a biofilter as 
follows:
H = X Sch* (5.M)
CHt K„ + SCHt
where p is the specific growth rate (d'1), S is the concentration of the CH4 substrate in the gas 
phase (gC/m3), pmax is the maximum specific growth rate of microorganisms (d"1) and Km is 
the half saturation constant of Monod model (gC/m3). The development of the Monod model 
had already been reported for biofiltration kinetics of C7H8, CH4 or CH3OH as single 
compounds [16, 55], In presence of a second pollutant, it is necessary to introduce an 
additional term for the C7H8 concentration, because C7H8 is considered as an inhibitor (I) of 
CH4 biodégradation. The model, representative of the competitive inhibition, could be written 
as follows [96]:
_  M m x.ch , *  S çh ,
V '  Ç I \  m T  O r u
Km =  K 1 + [/]
K,Im /
(5.15)
(5.16)
where K’m is the apparent constant (gC/m3), K|m is the micro-kinetic inhibition constant 
(gC/m3) and [I] is the concentration of the inhibitor (gC/m3).
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5.3.6 Equations for macrokinetic model of C7H8 and CH4  biodégradation 
In addition to micro-kinetic, a macrokinetic approach has been achieved to analyze the 
performance of the entire biofilter. Previous studies of biofiltration have used the Michaelis- 
Menten type model to describe the elimination capacity (EC) of a single pollutant as follows 
[15,70, 84,200]:
EC,= ECl.max X Qi
*5 + cl
(5.17)
where ECj>max is the maximal EC of CH4 , Ks is the saturation constant and Ci„ is the 
logarithmic average of the inlet and outlet concentrations of CH4 . As stated in the micro- 
kinetic part, the equation (5.17) should include the inhibitor term in case of a binary mixture:
EC,=
K  s +
K s  = Ks 1 +
K
(5.18)
(5.19)
m  y
K’s is the apparent constant (gC/m ) and Kim is the macrokinetic inhibition constant (gC/m ).
5.4 Results
5.4.1 Micro-kinetic analysis of single-kinetic experiments
Figure 5.1 shows the experimental data of specific growth rate for microorganisms in the 
biofilter treating CH4  (pcm) as a function of CH4  and C7H8 concentrations in the biofilter. The 
Pch4 was determined on the first hour, after injecting CH4 , following the degradation of CH4 , 
for initial concentrations of CH4 varied from 0.8 to 4.2 gC/m3. The variation of pcH4  was from 
0.13 to 0.40 d' 1 for C7H8 concentrations of 0 and 0.7 gC/m3 following a similar behavior. The 
Pch4 was lower at C7H8 concentration of 3.4 gC/m3, varying from 0.08 to 0.24 d'1.
When no C7H8 was added, the kinetic parameters, and Km for CH4 , using the Monod type 
model were 0.759 d' 1 and 4.0 gC/m3 respectively (Table 5.1), ranging the same values that
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those of Delhoménie et al., [55]. They reported that pmax reached 0.43 d"1 and Km 4.0 gC/m3 
with the same inorganic filter bed in the CH4  concentration range from 0.5 to 7.2 gC/m3.
To solve the nonlinear equation (5.15), the Microsoft Excel 2007 Solver was used. The sum of 
squares of the differences (SSD) between the predicted and the experimental values for pcm 
was minimized to obtain the best estimation of the kinetic parameters (pmax and Km).
At low concentration of C7Hg, CHrPmax was 0.698 d'1, the Km 3.4 gC/m3 and the inhibition 
constant 3.3 gC/m3, as shown in Table 5.1. At high concentration of C7H8, CH^pmax dropped 
to 0.211 d'1, Km to 0.5 gC/m3 while the inhibition constant ( K im )  increased to 7.6 gC/m3.
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0.35 - 
0.3 -
s
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a"u  0.2 -
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Figure 5.1 : Experimental specific growth rate of microorganisms treating CH4 as a function of 
concentration of CH4 at the different concentrations of C7H8 (No Toluene, Low [Toluene]: 0.7
and High [Toluene]: 3.4 gC/m )
Figure 5.2 presents the experimental pcH4  as a function of the predicted pcm for the two cases 
of low concentration of C7Hg of 0.7 gC/m3 and high concentration of C7Hg of 3.4 gC/m3. A 
higher regression coefficient (R2) of 0.897 was obtained for the first case while it reached only 
0.568 in the second case (Table 5.1).
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Table 5.1: Micro-kinetic parameters of CH4  obtained in absence or presence of C7H8 in the
biofilter
[C,H„] jg C W ) 0 0.7 3.4
Umax (d )
K-m (gC/m3) 
KIm (gC/m ) 
R2
0.759
4.0
0.9063
0.698
3.4
3.3
0.897
0.211
0.5
7.6
0.568
0.35 - y = 1 .053X  - 0 .0 1 4 4  
Rz= 0.897
T3
0.25 -
LU y = 1.0789x - 0.012 
R* = 0.5676
0.05 -
0 0.1 0.2 0.3 0.4
13 Low [Toluene] 
A High [Toluene]
Predicted |iCH4 (d 1)
Figure 5.2: Experimental and simulated specific growth rate of microorganisms present in the 
biofilter treating CH4 in presence of low [C7Hg] = 0.7 gC/m3 or high [C7Hg] = 3.4 gC/m3
5.4.2 Macrokinetic analysis of the biofiltration of methane in presence of toluene 
Figure 5.3 presents the CH4 -EC as a function of the logarithmic concentration of CH4 for the 
different concentrations of C7Hg tested. The Michaelis-Menten type model, as described by 
equation (5.18) was used for the three configurations of C7Hg concentration and shown in 
Figure 5.3. As shown in the micro-kinetic section for pcm, the CH4 -EC decreased as the
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concentration of CîHg increased. The CH4-EC dropped from 19.2 to 1.7 gC/mVh when C7H8 
concentrations increased from 0 to 3.4 gC/m3.
The macrokinetic parameters are presented in Table 5.2. When no C7H8 was added, the CH4- 
ECmax reached 37.1 gC/m3/h, and Ks was 4.7 gC/m3. At low concentration of C7H8, CH4- 
ECmax was 21.3 gC/m3/h, Ks 2.2 gC/m3 and KiM 3.0 gC/m3. At high concentration of C7Hg, 
CH4 -ECmax dropped to 5.8 gC/m3/h and Ks to 1.4 gC/m3, while Kim increased to 7.2 gC/m3.
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Figure 5.3: Elimination capacity of CH4 as a function of the logarithmic concentration of CH4 
for experimental data (points) and for predicted values using kinetic models (lines) at different 
concentrations of C7H8 (0, 0.7 and 3.4 gC/m3)
Table 5.2: Macrokinetic parameters of C H 4 obtained in absence or presence of C7H8 in the
biofilter
[C7Hg] (gC/m ) 0 0.7 3.4
ECmax (gC/mJ/h) 37.1 21.3 5.8
Ks (gC/m3) 4.7 2 . 2 1.4
Kim (gC/m3) - 3.0 7.2
R2 0.9156 0.819 0.687
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Figure 5.4 presents the experimental CH4-EC as a function of the predicted CH4-EC for the 
two cases of low concentration of C7H8 of 0.7 gC/m3 and high concentration of C7H8 of 3.4 
gC/m3. The coefficient R2 was still higher for the low concentration of C7H8 at 0.819, than for 
C7H8 concentration of 3.4 gC/m3 at 0.687.
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Figure 5.4: Experimental and simulated elimination capacity of CH4 in presence of low [C7H8]
= 0.7 gC/m3 or high [C7H8] = 3.4 gC/m3
5.5 Discussion
A difference is noticeable between the present study and the previous works for CH4  
biofiltration in presence or absence of gas trace compounds as shown in Table 5.3. As 
observed, Pmax varied between 11 to 60 pg CFLj/h/gpacking while it reached 3 pg CIVh/g packing 
in the present work. The main reason of this disparity lies in the concentration of CH4  tested 
which ranks from 5 to 15% v/v for Albanna et al, [4], Chiemchaisri et al, [39] and Scheutz et 
al, [160] and was less than 1% v/v in the present work. Methanotrophs are known to be 
distinguished over two main types, I and II, with specific CH4 degradation characteristics. 
While type I methanotrophs are usually supposed to grow on CH4  concentrations below 1000 
ppmv, type II methanotrophs will prefer a range of 10 000 ppmv or higher concentrations [77, 
79]. Some exceptions may exist as some type I will grow better on CH4  concentrations above
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10 000 ppmv and vice-versa [104], A general characterisation of the two main types of 
methanotrophs assumed that type II will have higher rates of biodégradation of CH4  and type I 
owns higher affinity to CH4. Therefore, this assumption should support the fact that higher 
specific growth rates were obtained for the highest concentrations of CH*. Except for 
Chiemchaisri et a i, [39] where a culture of Methylomonas methanica, a type I methanotroph, 
was used, no identification of the bacterial community was carried out. The presence of 
another degradable compound, even considered as a trace concentration, may modify the 
bacterial composition of the biofilter, as the specific compound-degrading bacteria. In fact, 
Gebert et a i, [71] found that the composition of methanotrophs differed from one biofilter 
supplied with both methane and non-methane volatile organic compounds (NMVOCs) to 
another one without NMVOCs. Both biofilters were dominated by methanotrophs from type 
II. In the first biofilter, fed with NMVOCs, the microbial composition was more 
homogeneous, more abundant and no type I methanotrophs were detected [71]. Lee et ai, 
[1 1 0 ] found a similar pattern in methanotroph community characterization between two 
enriched microbial consortium, either supplemented with CH4 alone or CH4 plus C7H8 and 
benzene (CéHé) for one landfill soil sample. Type I methanotrophs, in the following order 
Methylobacter, Methylomonas and Methylomlcrobium, were dominant in the case of the CH4- 
oxidizing consortia. When the three compounds were together, only the type I methanotroph 
Methylobacter was dominant, followed by type II methanotrophs, Methylocystis and 
Methylosinus [110].
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Table 5.3: Kinetic parameters (pmax, Km) obtained for methane oxidation in presence of trace
Sample
origin
[CH4]
%(v/v) NMOCs
Pmax, CH4
Mg
CtL/h/guaciung
Km, CH4 
(gC/m3) Reference
Compost
biofilter 10 TCE, TCA, DCM
Pmax=30.2 
Pmax- 18.1 4.72.5
Albanna et 
al., [4]a
Landfill
15
<
Benzene Pmax- b0 - Scheutz et
cover soil 
Landfill soil
Toluene Pmax=58
Pmax- 13
- al., [160]b 
Chiemchaisri
biofilter Benzene Pmax- 11 - et al., [39]c
Inorganic
biofilter 0.2-0.9 Toluene
Pmax- 3
Pmax= 1 "2
4.0  
0.5-3.8
This studyd
8 Experimental condition of 22°C, [TCE] + [TCA]+ [DCM]= 75 pg/L 
b Experimental condition of 22°C, [benzene]= 400 pg/L, [toluene]= 310 pg/L 
c Experimental condition of 30°C, [benzene]= 24 pg/L 
d Experimental condition of 25°C, [toluene]= 800 and 4100 pg/L
The presence of chlorinated trace compounds seems to inhibit the CH4 oxidation as pmax was 
almost divided by two when they were introduced [4], Chiemchaisri et al., [39] and Scheutz et 
al., [160] tested aromatic compounds, C7H8 and CéHé, at lower concentrations, from 24 to 400 
pg/L, than the current study, from 800 to 4100 pg/L (0.7 and 3.4 gC/m3). The low 
concentration of CôHé decreased the CH4  oxidation rate of 16% [39], In our case, the CH4 
oxidation rate fell of 72%, between 0 and 3.4 gC/m3 of C?Hg. However the influence of C7H8 
on CH4  may be overestimated as landfill concentrations of C7H8 is generally lower.
The saturation constant is an indication of the affinity of the enzymes towards the substrate. 
Less affinity for CH4 was noticed when the C7H8 concentration increased from 0 to 3.4 gC/m3, 
as the Km value dropped from 4.0 to 0.5 gC/m3. Albanna et al., [4] also observed the decrease 
of Km of CH4 from 4.7 gC/m3 to 2.5 gC/m3 when a mixture of NMOC was added in the batch 
reactor (Table 5.3). This fact support the hypothesis that the substrates, CH4 and NMOC 
compete for the same active sites of the enzymes produced by the microorganisms, which 
reduce p but also decrease their affinity for the primary substrate (CH4).
Unlike to micro-kinetic analysis, to our knowledge, no macrokinetic studies are reported in 
literature with the mixture of CH4 and C7H8 in a biofilter. The macrokinetic approach 
considered the biofilter as a “black box”, influenced by operational parameters that were 
determined experimentally [186]. The Michaelis-Menten type model (equation 5.18) used in
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this study fits relatively well for the cases where no C?Hg was added or at the lowest C7H8 
concentration of 0.7 gC/m3 (Figure 5.4). However, it did not correspond to the case of the 
highest concentration of C7H8 of 3.4 gC/m3. The model focused on the presence of an 
inhibition effect of C7H8 on CH4  biodégradation with the introduction of the constant Kim- 
However, several other factors could be responsible for the decrease of CH4 biodégradation in 
presence of C7H8 . The following hypotheses could be related to both the micro-kinetic and 
macrokinetic result analysis. The addition of C7H8 should induce a modification of the 
microbial population in the filter bed, both at the lowest and the highest pollutant 
concentrations [95]. High concentrations of pollutant, either C7H8 or CH4 , also favor the 
proliferation of microorganisms. This may result in decreasing the biofilter performance, 
partly due to the predominance of one type of microorganism in the filter bed [2 1 ], but also to 
the accumulation of both inactive and dead biomass [9], Therefore, the pressure drop of the 
biofilter should be enhanced, as it was observed in a previous study [128]. The decrease of 
CH4  biodégradation may be also related to the modification of the mass transfer of CH4 
between the interface of the gas and the biofilm for the C7H8 concentrations tested from 0  to
3.4 gC/m3.
5.6 Conclusion
Toluene was added, at two concentrations of 0.7 and 3.4 gC/m3 to a CH4-treating upflow 
biofilter, for concentration of CH4  varying from 1.0 to 4.4 gC/m3. The micro-kinetic approach 
showed a decrease of CH4-|imax from 0.759 to 0.211 d' 1 when C7H8 increased from 0 to 3.4 
gC/m3, while the affinity toward CH4 , represented by the half-saturation constant Km dropped 
from 4.0 to 0.5 gC/m3. In the same time, CH4-ECmaX fell from 37.1 to 5.8 gC/m3/h and Ks 
from 4.7 to 1.8 gC/m3 for the macrokinetic analysis. The kinetic parameters show that C7H8 
affects the CH4  biodégradation, which was negatively impacted. The biodégradation of C7H8 
could induce a competition between the two substrates for a same active site at an enzymatic 
level. Moreover, the consideration of microbial composition should underline the relevance of 
this parameter in terms of proliferation of microorganisms, mass transfer and substrate 
preference. The determination of kinetic parameters for the biofiltration of a binary mixture 
should be improved, the final aim being the removal of CH4 from landfills among one or two 
hundred other trace gas compounds.
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CHAPITRE 6 CONCLUSION
La présence de matières organiques biodégradables dans les déchets déposés dans les SES est 
principalement responsable de l’émission de biogaz. Le méthane, qui est le constituant majeur 
du biogaz avec le CO2 , est un puissant GES. De la revue de la littérature présentée dans le 
chapitre 2, un inventaire des différentes familles de composés CONM a permis de faire 
ressortir la composition complexe du biogaz. Selon la composition des déchets et leur âgé, le 
biogaz peut contenir des composés de la famille des alcanes, des aromatiques, des chlorés, ou 
encore des terpènes, sans être exhaustif. Les concentrations de CONM sont également très 
variables, et sont distinguées en fonction de leur échantillonnage, soit dans les puits 
d’extraction du biogaz, soit dans l’air ambiant sur le site du SES.
De la même façon, cette revue de littérature a pu mettre en valeur les paramètres de la 
biofiltration du CH4 en tant que substrat carboné unique, ainsi que les expériences de 
biofiltration du CH4 en présence de différents composés traces retrouvés dans le biogaz. Les 
principaux mélanges étudiés, de CH4 et d’autres composés, sont souvent avec des composés 
chlorés comme le dichlorométhane, le trichlorométhane, le trichloroéthylène par exemple [4,
39,160] mais aussi avec des composés aromatiques comme le benzène et le toluène [39, 160].
;
Les objectifs de ce travail ont été, dans un premier temps, de poursuivre les études sur 
l’optimisation de l’élimination du CH4 seul à l’aide d’un lit filtrant inorganique. La 
température, la quantité de solution nutritive et la concentration de CO2 ont été étudiées. Ainsi, 
la température optimale a été déterminée, grâce au modèle modifié d’Esener, à 32°C, offrant 
une capacité d’élimination de 30 gCHVfm3 h) pour une charge d’entrée de 80 gCftyfm3 h). 
Une quantité minimale de la solution nutritive de 34 LsN/(m3viit j) (soit 0.5 L/j) doit être 
appliquée pour ne pas diminuer les performances d’élimination du CH4 . Enfin, la 
concentration de CO2 testée dans la gamme de 650 à 18 500 ppmv n’a eu aucun impact sur 
l’élimination du CH4.
Dans un deuxième temps, les objectifs se sont focalisés sur l’étude de deux mélanges binaires. 
L’élimination du CH4 en présence de deux gaz différents, potentiellement présents à l’état de 
trace dans le biogaz, a été étudiée. Les deux composés retenus étaient le toluène (C7H8) et le 
chlorobenzène (CéHsCl). Dans cette étude, l’influence de la charge d’entrée du CH4 a aussi été 
analysée. La capacité d’élimination du CH4  est restée inchangée, égale à 7.6 gC/(m3 h) en
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présence de C7H8 et à 5.9 gC/(m3 h) en présence de C6H5CI, lorsque le biofiltre fonctionnait à 
une charge d’entrée faible en CH4 de 16 gC/(m3 h). Cependant, la capacité d’élimination du 
CH4 a chuté de 18 à 1.4 gC/(m3 h) lorsque la charge d ’entrée du C7H8 a augmenté de 0 à 46.5 
gC/(m3 h) pour une charge d’entrée élevée en CH4 de 6 6  gC/(m3 h). En présence de CôHsCI, à 
la même charge d’entrée en CHL*, la capacité d’élimination du CH4 a baissé de 10.9 à 4.7 
gC/(m3 h) pour une charge d’entrée en C6H5C1 augmentant de 0 à 6.7 gC/(m3 h).
La présence d’un composé trace s’est révélée avoir une influence négative sur l’élimination du 
CH4 lorsque celui-ci était introduit à une charge d’entrée élevée ( 6 6  gC/(m3 h)), mais la 
mesure des pertes de charge a aussi montré que la diminution de la capacité d’élimination était 
liée aux fortes charges d’entrée du CH4 et du C7H8. Dans le cas du CôHsCI, les pertes de 
charge étant faibles, la diminution de la capacité d’élimination du CH4 est plus probablement 
liée à la présence de sous-produits toxiques ou inhibiteurs. La diminution du pH du lixiviat 
démontre l’acidification du lit filtrant et la transformation de la molécule de CôHsCI.
Enfin, dans un troisième temps, l’étude s’est concentrée sur le mélange CH4 /C7H8 pour 
analyser et quantifier l’influence du C7H8 sur le CH4. Les paramètres micro-cinétiques et 
macro-cinétiques ont été déterminés à l’aide d’expériences en réacteur batch pour les 
premiers, et les mesures des performances des biofiltres pour les seconds. Les modèles de 
Monod et de Michaelis-Menten ont été utilisés pour calculer le taux de croissance spécifique 
du CH4 et les constantes de demi-saturation, avec l’introduction de termes concernant la 
concentration du C7H8 et la constante d’inhibition. Deux concentrations de C7H8 , 0.7 et 3.4 
gC/m3, ont été comparées au cas de la biofiltration du CH4 seul. Le taux de croissance 
maximal spécifique au CH4 (p,™») a chuté de 0.759 à 0.211 j '1, pour une concentration de CR» 
variant de 1.0 à 4.4 gC/m3, lorsque la concentration de C7H8 a augmenté de 0 à 3.4 gC/m3. De 
même, la constante de demi-saturation (Km) du CH4 a diminué de 4.0 à 0.5 gC/m3 dans le 
même temps, traduisant une perte d’affinité des microorganismes vis-à-vis du CH4. Les 
paramètres de la macro-cinétique obtenus par le modèle de Michaelis-Menten complétés du 
terme d’inhibition suivent la même tendance décroissante, passant de 37.1 à 5.8 gC/(m3 h) 
pour la capacité d’élimination maximale du CH4 (CRt-ECmax), et de 4.7 à 1.8 gC/m3 pour la 
constante de demi-saturation (Ks), pour les mêmes concentrations de C7H8 .
En parallèle, des expériences ont été menées pour analyser la composition de la biomasse 
produite lors de la biofiltration du CH4, aussi décrites comme les substances exopolymériques
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(EPS). Si la présence de glucose a pu être vérifiée, sa quantification précise n’a pas été 
possible. De même, la présence d’autres produits comme le mannose, le rhamnose, le xylose 
ou le galactose n’a pas été établie. Cependant, la quantification de la biomasse globale a pu 
être estimée grâce à la pesée des biofiltres pour les deux mélanges binaires.
Lors de la biofiltration, les paramètres physiques et chimiques ont leur importance pour la 
compréhension des phénomènes qui s’opèrent. Ceci dit, la composition microbienne peut 
apporter des compléments d’informations pertinents sur l’évolution des performances de tels 
biofiltres en fonction des paramètres testés. Par exemple, la biomasse produite lors de 
l’élimination du mélange CH4/C7H8 lors de la forte charge de CH4 pourrait être mieux 
explicitée selon la proportion de microorganismes spécifiques au C7H8 et CH4 respectivement. 
De même, pour l’apparition de phase de latence lors de l’élimination du mélange CH4/C6H5CI, 
la détection ou non de microorganismes spécifiques au CéHsCl pourrait appuyer cette 
hypothèse du temps de démarrage pour l’élimination du CèHsCI. Par conséquent, une analyse 
plus approfondie de la composition microbienne, à la fois- qualitative et quantitative, 
permettrait d’intégrer des informations non négligeables sur le fonctionnement de tels 
biofiltres.
D’un point de vue pratique, ces expériences ont été menées à l’échelle du laboratoire. Une 
extrapolation à l’échelle industrielle serait, à ce stade de l’étude, précipitée. D’une part, par le 
fait que le mélange étudié est limité à deux constituants, tandis que le biogaz est un mélange 
complexe de CH4, CO2 et pouvant contenir une centaine ou plus de composés traces différents. 
D’autre part, les conditions opératoires à l’échelle du laboratoire ont une efficacité 
relativement réduite en termes d’élimination du CH4. En effet, dans la meilleure configuration 
étudiée obtenue au chapitre 4, une élimination maximale de 7.6 gC/(m3 h) a été obtenue pour 
une charge d’entrée de 16 gC/m3/h équivalent à une conversion de 48%.
Il est important de mentionner que cette étude se voulait d’abord concentrée sur les 
mécanismes d’interaction pouvant exister entre le CH4 et un composé considéré à l’état de 
trace. Dans cette optique, il a été montré que l’élimination du CH4 était diminuée du fait de 
l’augmentation de la concentration du C7H8 ou du CôHsCI.
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ANNEXE A -  ÉTUDE SUR LES EXOPOLYMÈRES
La production de substances exopolymériques (EPS) par les microorganismes suscite un 
intérêt majeur dans l’étude de la biofiltration du CH4 . Ces substances jouent un rôle essentiel 
pour la survie des espèces mises en jeu mais sont également responsables du colmatage des 
biofiltres et d’une diminution des performances à long terme. 11 peut être intéressant de 
déterminer la composition de ces EPS en fonction des paramètres étudiés afin de pouvoir 
prédire leur formation. L’investigation sur la quantification des EPS s’est réalisée en deux 
temps, lors de deux stages étudiants différents. Une brève revue de littérature est présentée en 
amont des deux séries d’expérimentations.
Revue littérature
La biofiltration du CH4 repose sur l’utilisation des microorganismes appelés méthanotrophes, 
sous groupe des méthylotrophes, pour oxyder le CH4 en CO2. Le biofilm fixé sur les différents 
médias est d’une composition relativement complexe, variable et dynamique [187]. La matrice 
de ce biofilm renferme des substances polymériques extracellulaires (EPS). Sa composition et 
sa structure sont fonction de l’âge du biofilm et des conditions environnementales [109]. Les 
méthanotrophes produisent des EPS à la fois sous forme de capsules [203, 208] et de liquide 
visqueux [8 8 ]. L’analyse de deux polymères produit par une famille de méthanotrophes 
thermophiles a donné une composition en sucre de 37 à 56 % et en acides aminés de 30 à 38 % 
[37]. Linton et al., [116] ont suggéré dans leur étude que les méthanotrophes utilisaient ce 
processus métabolique de formation de polymères riches en carbone pour éviter 
l’accumulation du formaldéhyde lorsque le carbone est en excès.
Les polymères sont constitués principalement d’exopolysaccharides (~65 %) [87], de 
protéines (~30 %), mais contiennent également de nombreux autres composés comme des 
substances humiques, des acides nucléiques, des lipides, des glycoprotéines [67]. Ils peuvent 
même dans certains cas contenir de l’ADN extracellulaire [125].
La nature des exopolysaccharides varient en fonction des espèces bactériologiques présentes 
dans le milieu ainsi que de la quantité des saccharides et des composés non carbohydrates qui 
constituent ces exopolysaccharides [109], Cependant, la prédominance d’un certain nombre de 
monomères (glucose, galactose, mannose, acide gluconique et acide galacturonique) dans des 
cultures aussi différentes que des boues activées et une souche cultivée Ps. Atlantlca a été 
montrée [87,193].
Ces EPS ont un rôle de barrière sélective entre les cellules du biofilm et l’environnement 
extérieur [183]. Selon leur composition, les EPS sont capables d’adsorber des molécules 
organiques [118] ou des ions métalliques, d’augmenter la capacité de rétention d’eau du milieu 
[36], d’altérer la composition du substrat ou encore de limiter voire d’empêcher le transfert de 
composé vers l’intérieur ou l’extérieur du biofilm [8 6 ]. La formation d’EPS est également 
reportée comme un facteur influençant l’oxydation du CH4 au sein d’un biofiltre [82,204]. 
Wilshusen et al., [204] ont émis l’hypothèse que les méthanotrophes de type I seraient 
responsables de la formation d’EPS. Ces bactéries ne sont pas capables de fixer l’azote 
atmosphérique mais l’azote sous forme inorganique, et sont en compétition pour ce dernier. Le 
rôle des EPS serait alors de maintenir cet azote disponible pour les bactéries sous forme de 
réserves et permettre le développement de la colonie. La formation d’EPS a d’autre part, une 
incidence sur le transfert de l’oxygène au sein du biofilm du fait de sa viscosité [82],
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Les EPS ont un lien direct avec les performances de la biofiltration du CH*. Il apparait 
important de connaître la composition de ces bio-polymères pour pouvoir contrôler au mieux 
les paramètres du biofiltre et obtenir les meilleurs taux de conversion du CH4 possible.
Méthodes d ’analyses
- Méthodes colorimétriques
Il existe plusieurs méthodes expérimentales pour analyser les monomères telles que l’échange 
d’ions, la chromatographie sur couches minces et la pyrolyse suivie de la spectrométrie de 
masse. Les méthodes colorimétriques sont très utilisées pour déterminer les carbohydrates 
totaux dans les eaux usées. Ces méthodes impliquent le chauffage de l’échantillon par de 
l’acide sulfurique concentré, mélange auquel on ajoute le réactif -  anthrone [59], carbazole 
[58], phénol [60] -  qui permet de développer la couleur. La méthode de Dubois et al., [60] est 
fréquemment utilisée pour l’analyse de biofilm insaturé [32,183, 204].
Les protéines sont également présentes dans ces EPS de manière non négligeable. Différentes 
méthodes colorimétriques sont reportées dans la littérature pour leur analyse. Généralement, le 
choix se porte principalement sur deux : la méthode de Lowry et al., [119] et la méthode de 
Bradford [30]. La méthode de Bradford est conçue originellement pour déterminer les 
protéines solubles. Le réactif bleu de Coomassie réagit avec la fonction basique ou le groupe 
fonctionnel aromatique des protéines ayant une structure macromoléculaire. Cette méthode à 
l’avantage d’être simple, rapide et sensible. Cependant, elle présente une forte variabilité de 
coloration selon les protéines et la nécessité pour les protéines de posséder une structure 
macromoléculaire [109], Le principe de la méthode de Lowry est dans un premier temps 
d’ajouter une solution de sulfate de cuivre alcaline pour favoriser le transfert d’électrons et 
lancer la couleur due à la présence des fonctions minos-acides des protéines. Le réactif de 
Folin et Ciolcateau est ensuite ajouté. Ce réactif à base d’acide phosphotungmolybdique est 
réduit par les substances humiques ce qui donne une coloration bleue au mélange. La méthode 
de Lowry et al., [ 119] améliorée par Peterson [ 150] permet de limiter les interférences liés aux 
composés de natures lipidiques non solubles et présentent les mêmes avantages que la 
méthode de Bradford.
- Méthode par chromatographie liquide
L’analyse de biofilm par chromatographie liquide haute pression (HPLC) est relativement peu 
développée [125]. L’utilisation de l’HPLC nécessite de dégrader les polysaccharides en mono- 
ou oligosaccharides [69], La composition qualitative et quantitative des polysaccharides est 
déterminée après une hydrolyse acide totale réalisée soit avec de l’acide sulfurique (H2SO4), 
de l’acide chlorhydrique (HC1) ou de l’acide trifluoroacétique (TFA).
Expérimentations -  Première Partie
Dans un premier temps, des essais d’extraction, de purification et d’hydrolyse selon plusieurs 
publications et normes ont été effectués mais aucun résultat concluant n’a pu être exploité.
La méthode retenue pour les tests consistait en :
-  l’extraction du biofilm du matériau filtrant à l’aide de résines échangeuses de cations 
(DOWEX 50*8 Na+)
-  la purification par précipitation des polysaccharides dans l’éthanol et l’élimination des 
protéines à l’aide d’une enzyme (protéase)
-  l’hydrolyse acide à l’aide de l’acide sulfurique dilué chauffé à 100°C pendant 2h
-  l’analyse des monosaccharides par HPLC avec détection infrarouge
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Plusieurs problèmes ont été rencontrés lors de l’analyse au HPLC. Le premier était la 
mauvaise séparation des pics malgré les étapes de purification. Un deuxième problème était la 
présence d’un pic inconnu qu’il n’a pas été possible d’identifier parmi les différents sucres 
envisageables ou solvant. La seule certitude obtenue était la présence de glucose dans 
l’échantillon, mais sans quantification rigoureuse. En ce qui concerne l’hydrolyse du biofilm, 
des essais ont été faits en s’inspirant de la norme ASTM E1758-01 (2007)6. La concentration 
de l’acide testée était plus faible, 5M dans notre cas contre 12M dans la norme, et l’autoclave 
a été remplacé par un montage à reflux dans lequel le mélange était porté à ébullition. La 
neutralisation a été effectuée selon la norme avec du carbonate de calcium (CaCC>3) et filtré 
avant injection. La colonne retenue pour nos analyses après plusieurs essais a été la Metacarb 
87C, équivalente à la colonne BioRad Aminex HPX-87C.
Le protocole présentait a priori toutes les étapes nécessaires pour déterminer la composition en 
monosaccharides de nos échantillons. Plusieurs défauts sont apparus lors de sa réalisation, 
notamment avec les opérations de transvasement des liquides. Un des plus gros inconvénients 
et une des sources les plus probables d’erreur étaient la faible quantité d’échantillon obtenue 
après extraction. La norme préconise une masse de 300 mg d’échantillon. La détermination de 
la biomasse sèche accrochée sur le matériau filtrant donne seulement 6  mg de biomasse par 
gramme de matériau, soit 60 mg pour 10 g de matériau prélevé. En outre, le rendement de 
l’extraction n’a pas été déterminé.
Expérimentations -  Deuxième Partie
Suite à ces constatations, des essais supplémentaires ont été menés dans un deuxième temps, 
en se consacrant principalement sur la norme ASTM, et en supprimant toutes les étapes 
préliminaires d’extraction et de purification, la méthode d’hydrolyse étant a priori relativement 
puissante pour détacher le biofilm. La méthode d’analÿse utilisée était également la HPLC, 
avec deux colonnes testées, la Phenomenex Rezex Roa puis la colonne Aminex HPX 87P. Les 
caractéristiques de ces colonnes sont détaillées dans le Tableau A.l.
Dans cette deuxième série d’essais, une attention particulière a été portée sur la validation du 
protocole basé sur la norme ASTM pour le type d’échantillon que l’on souhaitait analyser. 
Pour ce faire, une première étape consistait à tester le protocole sur un échantillon standard de 
glucose (CeHuOs) pour estimer les pertes obtenues soit par la dégradation du composé, soit 
par les étapes de transfert de produits.
Suite aux expérimentations effectuées en triplicata, environ 13±0.2% du glucose introduit 
initialement n’était pas quantifié. Les produits de dégradation connus du glucose comme 
l’hydroxyméthylfurfûral (5-HMF), ou encore ses sous-produits de ce dernier composé comme 
le furfural ont pu être analysés par HPLC. Le 5-HMF a pu être détecté, cependant en quantité 
très infime représentant seulement 0.4% du glucose introduit initialement. Une perte de 
matière est donc à considérer lors de l’utilisation du protocole pour la quantification du 
glucose.
Lors de l’utilisation du protocole pour les échantillons réels du biofiltre, une mauvaise 
résolution du pic de glucose a rendu très complexe l’interprétation de ces expérimentations. En 
effet, un deuxième pic avec un temps de rétention inférieur à celui du glucose se superpose à 
ce dernier. L’intégration aboutit par conséquent à une sous-estimation de la concentration en
6 Standard Test M ethod for Determination of Carbohydrates in Biomass by High Performance Liquid 
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glucose. Un exemple de chromatogramme obtenu pour un échantillon réel est présenté en 
Figure A.l. De nombreux essais ont été effectués afin de résoudre ce problème sans succès 
comme :
- La modification des paramètres de fonctionnement de la colonne (Température, débit 
de l’éluant)
- Le changement de colonne de la Phenomenex Roa Rezek à Aminex HPX 87P
- Le passage de standard de sucre pour identifier ce pic
Il s’avère que ce problème analytique non résolu n’a pas permis d’obtenir des résultats sûrs et 
interprétables pour la quantification du glucose contenu dans la biomasse de différents 
biofiltres en fonctionnement.
En tenant compte de cette sous-estimation de 13%, les essais d’hydrolyse de biofilm des 
différents échantillons réels, dans cinq conditions opératoires de biofiltre différentes, sont 
visibles dans le Tableau A.2. Les résultats obtenus varient de 0.58 à 0.80 mgCeHuCVg lit 
filtrant sec. Il apparaît que le biofiltre du mélange CH4/C6H5CI présente la teneur la plus faible 
avec 0.61±0.03 mgCéHuOô/g lit filtrant sec en moyenne, tandis que le mélange CH4/C7H8 
présente la moyenne la plus élevée avec 0.70±0.08 mgCôHnOô/g lit filtrant sec. D’autres 
expérimentations devraient être menées avant de pouvoir conclure définitivement sur cette 
tendance observée.
D’autres standards de monosaccharides ont été analysés comme le mannose, le rhamnose, le 
xylose ou encore le galactose. Si l’absence de ce dernier composé a pu être affirmée, il n’en 
n’est pas de même pour les autres composés du fait de temps de rétention très rapprochés.
Tableau A.l: Caractéristiques des colonnes utilisées pour l’analyse HPLC des
monosaccharides
Phenomenex Rezex Roa Aminex HPX 87P
Dimension 300*7.8 mm 300*7.8 mm
Constituant Résine polymère SDVB Résine polymère SDVB
Eluant Acide sulfurique, 0.005M Eau
Débit maximal 1 mL/min 1 mL/min
Température maximale 85°C 85°C
Gamme de pH 1 - 8 5-9
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Figure A. 1 : Exemple de chromatogramme obtenu pour l’hydrolyse d’un échantillon de
biofiltres
En conclusion de ces analyses, un protocole normé a pu être utilisé pour identifier la présence 
de glucose dans les échantillons de biomasse de différents biofiltres. Cependant, la 
quantification n’a pas été achevée en raison de problèmes analytiques non résolus. 
L’identification d’autres monosaccharides n’a pas aboutit non plus sans une investigation 
majeure dans cette direction. 11 est important de souligner que l’obtention de nombreuses 
données analytiques s’avère être très utiles afin de formuler, vérifier et quantifier certaines 
hypothèses quant à la production de biomasse et leur incidence sur le biofiltre. Ceci dit, il est 
primordial de pouvoir le faire à l’aide de protocoles bien rôdés, adéquats et justifiant l’emploi 
des moyens mis en place. La présence et le développement de la biomasse est un des facteurs 
clés de la biofiltration. Il est par conséquent intéressant de poursuivre ces essais, en assurant 
un protocole analytique capable d’interpréter les produits formés.
Tableau A.2 : Teneur en glucose (mgCôHuCVg lit filtrant sec) de chaque étage en fonction 
____________ des concentrations de CH4 , C7H8 et C6H5C1 dans le biofiltre_____________
Conditions
opératoires Etage 1 Etage 2 Etage 3
CH4  :7500 ppmv 0.67 0.64 0.63
CH4  :7700 ppmv 
C7H8 : 150 ppmv 
CE* : 7500 ppmv 
C7H8 : 300 ppmv
0.76
0.80
0.62
0.73
0.62
0.65
CH4 :7900 ppmv 
CôHsCI : 60 ppmv 
CH4 :7900 ppmv 
CôHsCI : 90 ppmv
0.58
0.59
0.63
0.61
0.60
0 . 6 6
Mesures faites en duplicata pour chaque étage
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ANNEXE B -  SUIVI DE LA BIOMASSE RÉALISÉ 
PAR PESÉE DES BIOFILTRES
La quantification de la biomasse globale, produite lors de l’opération des biofiltres décrits 
dans le chapitre 4, a été réalisée selon la méthode employée par Avalos Ramirez et a l, [14]. 
Ainsi, le comportement des deux mélanges binaires, CH4/C7H8 et CH4/C6H5CI, en termes de 
production de biomasse, peut être évalué.
Protocole
Le protocole consiste à peser individuellement chaque section du biofiltre périodiquement. La 
différence entre deux pesées successives permet de déterminer l’accumulation de biomasse 
humide dans l’ensemble du biofiltre pour un temps donné. L’accumulation en termes de 
biomasse sèche est calculée en multipliant la quantité de biomasse humide accumulée par le 
coefficient arithmétique moyen de la masse de matières solides sèches. Ce dernier est mesuré 
en prélevant des échantillons de lit filtrant dans chacune des trois sections, en appliquant le 
protocole normé de la détermination des solides totaux dans la biomasse (ASTM, E 1756 -  08) 
à quelques modifications près.
Trois échantillons humides sont prélevés pour chacune des trois sections dans des creusets 
préalablement tarés, pesés, puis introduits dans un four à 105°C pendant 24h. Les creusets sont 
ensuite placés dans le dessiccateur avant d’être à nouveau pesés, puis placés dans un four à 
500°C pendant lh. Les échantillons sont une dernière fois pesés après retour à la température 
ambiante dans le dessiccateur. .
Résultats
Mélange CHVCyHg
La Figure B.l présente le taux de production de biomasse en fonction de la capacité 
d’élimination totale du biofiltre à une charge d’entrée de CH4 de 16 gC/(m3 h) (BT1). Le 
coefficient de rendement de la biomasse (Yb), qui correspond au rapport de la production de 
biomasse (PB) sur la capacité d’élimination totale (EC TOT), est de 0.61 gB/gEC TOT. La 
Figure B.2 représente la même fonction dans le cas de la charge d’entrée du CH4 de 6 6  gC/(m3 
h) (BT2). Dans ce cas-ci, le Yb obtenu est égal à 1.58 gB/gEC TOT.
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Figure B.l : Taux de production de biomasse en fonction de la capacité d’élimination totale 
pour la charge d’entrée de CH4  égale à 16 gC/(m h) (BT1)
Dans l’hypothèse d’une conversion du substrat carboné en carbone cellulaire de l’ordre de 20 
à 50% [178], les gammes moyennes de Yb pour le CH4  seul seraient de l’ordre de 0.44-1.09 
gbiomasse/gCH4  pour BT1 et de l’ordre de 0.51-1.26 gbiomasse/gCH4  pour BT2. Le toluène 
seul aurait un coefficient Yb variant entre 0.2-0.5 gbiomasse/gC7Hg pour BT1 et 0.25-0.64 
gbiomasse/gC7Hg pour BT2.
Les valeurs obtenues dans les Figures B.l et B.2 concernent le mélange, et la proportion de 
biomasse produite par chacun des deux composés n’est pas déterminée. Cependant, ces 
valeurs sont dans les ordres de grandeur attendus. Le biofiltre BT2 possède un Yb plus élevé, 
qui résulte de la plus forte charge de carbone introduite.
Le Tableau B.l présente quelques valeurs de Yb recensées dans la littérature à la fois pour 
CH4 et C7H8 dans des expériences à substrat carboné unique. La grande variabilité des 
données est à mettre en relation avec les conditions expérimentales différentes comme, par 
exemple, les espèces bactériennes utilisées, la disponibilité des nutriments, la température, etc.
[74].
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pour la charge d’entrée de CH4 égale à 6 6  gC/(m h) (BT2)
Tableau B.l: Coefficient de rendement de biomasse associé soit à la biodégradation du CH4,
Yb CH4 Référence Yb C7H8 Référence
0.34-0.80 Delhoménie et al., [55] 0.34 Gallastegui et al., [70]
0.18-0.22 Arcangeli et Arvin [12] 0.3-1.2 Delhoménie et al., [55]
0.28 Alvarez-Homos et al., [9]
0 . 6 Song et Kinney [ 173]
0.03-1.32 Edwards et Nirmalakhandan [61]
Mélange CHVCôHsCI
Les Figures B.3 et B.4 représentent la production de biomasse en fonction du temps Gour) 
pour les charges d’entrée de CH4  de 16 gC/(m3 h) (BT1) et de 6 6  gC/(m3 h) (BT2) 
respectivement pour le mélange CltyCôHsCl.
La détermination de Yb pour le mélange CHVCéHsCl est moins évidente. D’une part, la 
production de biomasse est plus faible que pour le mélange CHVC7H8 . Le taux de production 
de biomasse maximal pour BC1 est de 2.6 gC/(m3 h) et de 7.0 gC/(m3 h) pour BC2, tandis 
qu’il atteint 6 8 . 8  et 38.5 gC/(m3 h) pour BT1 et BT2 respectivement. D’autre part, 
l’augmentation de la concentration de CôHsCI peut entraîner une diminution de la biomasse 
accumulée, observée notamment pour BC2. Ce dernier fait peut être expliqué par la toxicité 
que peut représenter CôHsCI, un composé chloré. La toxicité de quelques composés chlorés 
sur des bactéries méthanotrophes, en particulier le trichloroéthylène, a fait l’objet de plusieurs 
études [6 , 35, 39],
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Figure B.3: Taux de production de biomasse en fonction du temps pour la charge d’entrée de
CH4 égale à 16 gC/(m3h) (BC1)
Dans la Figure B.3, il est visible que le taux de croissance augmente avec le temps, et ne 
diminue pas avec l’augmentation de la concentration de CôHsC. Ceci dit, le taux de production 
de biomasse est négatif dans le cas de la première concentration de CèHjCI de 0.08 gC/m3. Ce 
qui signifie que dans cette première phase, il y a une perte de biomasse, et non une 
accumulation, mais que cette perte diminue au cours du temps. Un changement au sein de la 
communauté microbienne apparaît lors de l’introduction de C6H5C1.
Dans le cas de BC2, Figure B.4, le taux de production de biomasse reste positif, mais, il 
diminue lorsque la concentration de CôHsCI augmente à 0.24 et 0.48 gC/m3.
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Les coefficients de rendement de biomasse moyens obtenus pour BC1 sont de -0.13, 0.08 et 
0.30 gbiomasse/gEC TOT pour les concentrations en C6H5CI respectives de 0.08, 0.24 et 0.48 
gC/m . Dans le cas de BC2, les Yb moyens sont de 0.48, 0.68 et 0.24 gbiomasse/gEC TOT 
pour les mêmes concentrations de CôHsCI.
En tenant compte du même raisonnement que précédemment, une conversion de 20% à 50% 
du substrat carboné en carbone cellulaire, les différents Yb théoriques sont compris dans les 
gammes suivantes : 0.54-1.35 et 1.90-2.40 gbiomasse/gCHU pour le CH4  seul; 0.60-1.50 et 
1.10-2.70 gbiomasse/gCéHsCl pour le chlorobenzène seul dans le càs de BC1 et BC2 
respectivement.
Des valeurs de YB variant de 0.2 à 0.58 gbiomasse/gCôHsCl ont été reportées dans la 
littérature sur l’élimination seule de C6H5CI par biofiltration [53,128,167].
[C6H5CI] = [C6H5CI] = [C6HSCI] =
0,08 gC/m3 ^ ♦  0,24 gC/m3 0,48 gC/m3
♦ ♦  ♦
♦
♦
♦
♦
i-------------------- 1-------------------- 1-------------------- 1-------------------- r
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ANNEXE C -  BILAN DE MASSE SUR LE
CARBONE
Réaliser un bilan de masse sur le carbone permet de déterminer la quantité de biomasse 
accumulée (Cæc) dans le biofiltre, ce qui peut donner une estimation de la production de 
biomasse. Les résultats rapportés ici dans cette annexe se réfèrent aux biofiltres opérés tels que 
décrits dans le Chapitre 5.
L’équation suivante a été utilisée :
Cacc — C in  — Cout
dans laquelle C j „  correspond à la quantité de carbone introduite dans le biofiltre, et C o u t 
représente la quantité de carbone mesurée à la sortie du biofiltre. Les termes Q n  et C o u t  sont 
définis précisément dans le Tableau C.l.
Tableau C.l : Définition des paramètres C j n  et Cout
Paramètre Formule Unité
C i „ P^cHt,in ^ C(X Jn )  Qalr  ^ ^SN * QsN
V V
gC/(m3 h)
C o u t iÇcH,,out ^CC^ .out) Qair f ^ L lx ^ Q s N gC/(m3 h)
V ’ V
Avec Cjjn qui correspond à la concentration à l’entrée du biofiltre du composé i (CH4, C7H8 ou 
CO2) exprimée en gC/m3, C j i0Ut  à la concentration de i à la sortie (gC/m3), Csn et C u *  sont 
respectivement la concentration en carbone de la solution nutritive et du lixiviat (gC/m3), Qajr 
est égal au débit volumique de l’air entrant (m3/h), Qsn est le débit volumique de la solution. 
nutritive (m3/h), et enfin, V est le volume du réacteur occupé par le lit filtrant (m3).
Les mesures de la concentration de la solution nutritive et du lixiviat ont été effectuées deux 
fois pour chaque condition opératoire du biofiltre. L’appareil TOC-V Series (Shimadzu, 
Japon) a été utilisé pour déterminer la teneur en carbone total (TC).
Le Tableau C.2 présente les résultats du bilan de masse sur le carbone pour les biofiltres avec 
le mélange CH4/C7H8. Quatre concentrations de CH4 ont été testées, 1.0,2.5, 3.4 et 4.4 gC/m3. 
Pour chacune de ces concentrations de CH4, deux concentrations de C7H8 ont été testées, 0.7 et 
3.4 gC/m3, en plus du cas sans C7H8 .
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Tableau C.2 : Bilan de masse sur le carbone des biofiltres présentant le mélange CH4/C7H8 du 
______________________ chapitre 5 _____________________
[CH41
(gC/nO 1.0 2.5
[C7H81
(gC/m) 0 0.7 3.4 0 0.7 3.4
Cà, 17.6 28.8 71.2 40.3 50.8 92.0
Cout 16.7 27.3 68.0 35.7 48.2 92.0
cv-'acc 0.9 1.5 3.2 4.7 2.6 0.0
[CH4]
(gC/m3) 3.4 4.4
Ci„ 54.3 64.9 106.1 67.7 79.8 119.7
Cout 50.4 62.4 103.2 64.0 77.6 119.9
Cacc 3.9 2.5 2.9 3.7 2.2 -0.2
Lorsque CcH4 ,in= 1 0 gC/m3, C** augmente de 0.9 à 3.2 gC/m3/h alors que la concentration de 
C7H8 augmente de 0 à 3.4 gC/m3. Dans les trois autres cas, pour C CH4,in allant de 2.5 à 4.4 
gC/m3, le comportement de Cacc diffère en diminuant lorsque C7H8 est introduit et que sa 
concentration augmente.
Cacc diminue en même temps que les taux de conversion de chacun des deux produits 
diminuent. Le taux de conversion du CH4 chute en moyenne de 71% entre la situation sans 
C7H8 et celle avec une concentration de C7H8 de 3.4 gC/m3, quelle que soit la concentration du 
CH4. Tandis que pour C7H8, il est éliminé à 100% lorsqu’il est introduit à la concentrtaion de 
0.7 gC/m3, et seulement de 58% en moyenne, quelle que soit la concentration de CH4, 
lorsqu’il est introduit à la concentration de 3.4 gC/m3. La capacité de dégradation des 
microorganismes doit influer la production de biomasse. Par ailleurs, bien que le carbone 
représente 50% de la biomasse (Bailey et Ollis, 1986 [18]), les autres éléments comme l’azote, 
le phosphore, le soufre, n’ont pas été analysés.
Une grande partie du carbone est utilisée pour la production de CO2, entre 20 et 66% du 
carbone sortant, tandis que moins de 2% de ce dernier est comptabilisé dans le lixiviat.
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